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Abstract 
Analysis of the Cohesin Complex in Drosophila inelanogasier 
The cohesin complex is primarily composed of two Structural Maintenance 
of Chromosomes proteins (SMC1 and SMC3), and two non-SMC subunits 
(rad2l/Sccl and SAIIScc3). The function of the cohesin complex has been shown to 
maintain cohesion between sister chromatids from the time they are replicated in S 
phase until the moment they are separated at the onset of anaphase. Cleavage of the 
rad2l/Sccl subunit is essential for faithful segregation of the sister chromatids in 
yeast. We have demonstrated that the Drosophila rad2 1 /Scc I homologue, Drad2 1, is 
in a complex with SMC1, SMC3, and SA1/Scc3 and similar to other higher 
eukaryotes, the majority of Drad2l dissociates from chromosomes during prophase, 
although a small pool remains associated with centromeres until anaphase. 
In my work I have shown that the specific depletion of Drad2 1, by RNA 
interference in Drosophila S2 cells, results in a prometaphase delay, premature sister 
chromatid separation, and the selective destabilisation of SA1/Scc3. In addition, I 
also observed that the chromosome passenger protein INCENP becomes mis-
localised in Drad2l depleted cells. As a collaborative aspect to this work I have been 
involved in the characterization of a number of Drad21 cleavage mutants. In S. 
cerevisiae the dissolution of sister chromatids is brought about by cleavage of scclp 
by a conserved cysteine protease Espi/Separase. Separase cleaves SccI at a 
conserved site in budding and fission yeasts, humans and Xenopus. Three potential 
cleavage sites have been identified in the Drosophila sequence, and a number of 
mutated constructs have been generated and studied. 
A further aspect of this project has involved analysis of a potential chromatin 
remodelling protein, which when deleted from S. pombe, results in segregation 
defects and sensitivity to microtubule poisons. This protein has also been implicated 
in the correct targeting of rad21 to centromeric heterochromatin. This protein is 
conserved from yeast to mammals and I have been specifically characterizing the 
Drosophila homologue, including a number of mutant alleles. Intriguingly, 
antibodies to this protein show a centromeric localization on mitotic chromosomes. 
IXTA 
Abbreviations 
ADP Adensosine di-phosphate 
ATP Adensosine tn-phosphate 
BDGP Berkeley Drosophila Genome Project 
BSA Bovine Serum Albumin 
CID Centromere Identifier Protein 
DAPI 4,6,-diamidino-2-phenylindole 
DNA Deoxyribonucleic Acid 
cDNA coding Deoxyribonucleic Acid 
DMP Dimethyl pimelimidate 
DTT Dithiothreitol 
EBR Ephrussi - Beadle Ringers 
ECL Enhanced Chemi-Luminecense 
EDTA Ethyl enedi ami netetraaceti c acid 
EGTA Ethylene glycol-bis (-amino-ethy1ether)-N,N,N ,N '-tetraacetic acid 
FBS Foetal Bovine Serum 
GFP Green Fluorescent Protein 
HRP Horse Radish Peroxidase 
IMF Immunofluorescence 
INCENP Inner Centromeric Protein 
IPTG Isopropyl P —D-1-thiogalactopyranoside 
JPEG Joint Photographic Experts Group 
MRC Medical Research Council 
NEB New England Biolabs 
dNTPs Mixture of ALL nucleotide tn-phosphates 
PAGE Polyacrylamide Gel Electrophoresis 
PBS Phosphate Buffered Saline 
PCR Polymerase Chain Reaction 
PFA Paraformaldehyde 
RNA Ribonucleic Acid 
RNAi Ribonucleic Acid interference 
dsRNA double stranded Ribonucleic Acid 
rpm revolutions per minute 
SDS Sodium Dodecyl Sulphate 
TBS Tris Buffered Saline 
TBZ Thia- bendazole 
TIFF Tagged Image File Format 
U Units 
UTR Un-translated Region 
UV Ultra Violet 
V 
Table of Contents 
Chapter1 Introduction ..........................................................................................1 
HistoricalPerspective ........................................................................................... 1 
BriefOverview of the Cell Cycle..........................................................................2 
ToDo or Die .......................................................................................................... 4 
Physical Organisation of DNA into a Chromosome............................................ 5 
InterphaseCondensation ......... ..................... ................ ............................................................................. 5 
MitoticCondensation ................................................................................................................................ 7 
ABiochemical Approach......................................................................................7 
"Structural Maintenance of Chromosome" Proteins..........................................8 
Molecular Architecture of SMC Proteins............................................................9 
AnExtended Family...........................................................................................10 
Table 1.1 SMC and non SMC Proteins .............................................................................. 11 
Cohesin .......................................................................................................................................... 11 
Condensin ...................................................................................................................................... 11 
DNARepair .................................................................................................................................. 11 
IncreasingComplexity........................................................................................11 
CondensinII Complexes.....................................................................................13 
SisterChromatid Cohesion ................................................................................13 
Precocious Dissociation of Sisters ......................................................................14 
Loadingof Cohesin onto Chromatin..................................................................15 
Localisationof Cohesin.......................................................................................16 
Dissolutionof Cohesion ......................................................................................17 
CohesionDuring Meiosis....................................................................................18 
DecondensingDNA.............................................................................................19 
TheChromosome Passenger Proteins................................................................20 
Outline of the following results chapters.............................................................22 
V1 
Chapter 2 Analysis of Drad2l .............................................................................. 25 
Drad2lin Detail .................................................................................................. 25 
Aimsof this chapter: ........................................................................................... 25 
Analysisof Drad2l Results ................................................................................. 25 
Identification of the Cohesin Complex in Drosophila........................................................................... 25 
Specific Depletion of Drad2 1 By dsRNAi in S2 Cultured Cells.......................................................... 26 
Depletion of Drad2l Results in Abnormal Chromatin and Spindle Morphology................................ 27 
Cells Exhibiting Abnormal Chromatin Morphology are Cyclin B Positive......................................... 28 
Cell Cycle Analysis of Drad2 I 	Depleted Cells ..................................................................................... 28 
Depletion of Drad2 I Results in Premature Sister Chromatid Separation............................................. 29 
Chromosomal Passenger Protein INCENP is Mis-localised in Drad2l Depleted Cells ......................30 
Drad2l 	Depleted Cells do not Exhibit "RabI" Orientation . .................................................................. 32 
The Stability of SA I I Scc3 is Dependent on the Presence of Drad2 1 ................................................. 33 
The Stability of Drad2 1 Does Not Depend on the Presence of SA 1 .................................................... 33 
Depletion of SA I 	Does Not Affect Mitotic Progression....................................................................... 33 
The Stability of SMCI Does Not Require the Presence of Either Drad2l or SAl ............................... 34 
Drad2lResults Discussion ................................................................................... 35 
Analysis of the cellular consequences of depleting the cohesin subunits Drad2l and SAl in S2 
culturedcells . .......................................................................................................................................... 35 
Chapter 3 Analysis of Drad2l Transient Transfections ...................................... 38 
CleavingCohesin ................................................................................................ 38 
Table 3.1 Separase Cleavage Sites ..................................................................................... 38 
Dissolution of Cohesion During Meiosis ............................................................ 39 
Aimsof this chapter: ........................................................................................... 40 
Analysis of Drad2l Cleavage Mutants by Transient Transfection ................... 40 
Experimental Design ........................................................ 
Table 3.2 Experimental Design.................... 
Analysis of Transiently Transfected Cells....................... 
Analysing Expression of Drad2l Constructs................... 
Transformation Efficiency................................................ 
Mitotic Analysis................................................................ 








Drad2l Transient Transfection Results Discussion ............................................ 45 
Analysis of Drad2 I Cleavage mutants by Transient Transfection .......................................................45 
Chapter4 Analysis of Tis2 ...................................................................................48 
Cohesion and Centromeric Heterochromatin ................................................... 48 
Characterisation of a Novel Centromeric Protein ............................................. 49 
Vii 
Characterisation of Tis2 in Drosophila 	 .50 
Aimsof this chapter: ............................................................................................ 51 
Analysisof Tis2 Results ...................................................................................... 52 
Identification 	of Tis2 	in 	Drosophila....................................................................................................... 52 
Analysis of Tis2 Antibodies by Immunoblotting .................................................................................. 52 
Analysis of Tis2 Antibodies by Immunofluorescence .......................................................................... 53 
Affinity Purification of Tis2 Antibodies ............ .................................................................................... 54 
Bacterial Expression of GST-Tagged Tis2............................................................................................ 55 
Immunoprecipitation of Tis2 and Potential Interacting Proteins.......................................................... 57 
dsRNAiof Tis2 .......................................................................................................... ............................. 58 
Characterisation of Drosophila Tis2 Fly Alleles................................................................................... 59 
Table 4.1 	Stage of Lethality ............................................................................................... 60 
Genetic Analysis of Tis2 Fly 	Alleles..................................................................................................... 61 
Deficiency Analysis of the Tis2 Genomic Locus.................................................................................. 61 
Table 4.2 Deficiency Analysis ........................................................................................... 63 
Fertility 	Analysis of Tis2 	Fly 	Alleles..................................................................................................... 63 
Table4.3 	Fertility 	Analysis ................................................................................................ 64 
Ectopic Expression of Tis2 Utilising the UAS-GAL4 System............................................................. 64 
Perturbation of Tis2 	Localisation........................................................................................................... 65 
Tis2 Results Discussion ......................................................................................... 67 
Analysisof Tis2 in Drosophila...............................................................................................................67 
BiochemicalApproach ............................................................................................................67 
GeneticAnalysis......................................................................................................................69 
Disruption of Tis2 Localisation .......................................................................... 70 
Chapter 5 Discussion ............................................................................................ 72 
Summary.................................................................................................................................................74 
FutureDirection......................................................................................................................................76 
Chapter 6 Materials and Methods ....................................................................... 77 




CoomassieBlue 	Stain.............................................................................................................. 77 
Coomassie 	Blue 	Stain 	Diluent................................................................................................. 77 
CoomassieBlue 	Fast 	Destain.................................................................................................. 77 





Dulbecco's Phosphate Buffered Saline................................................................................... 77 
EDTA....................................................................................................................................... 78 
EGTA....................................................................................................................................... 78 
Ephrussi - Beadle Ringers Solution (EBR)............................................................................. 78 
IPTG......................................................................................................................................... 78 
Laemmli Upper Gel (stacking) Buffer.................................................................................... 78 
Laemmli Lower Gel (resolving) Buffer.................................................................................. 78 
VIII 
Laemmli Gel Running Buffer 	 .78 
LB(Luria-Bertani 	Broth) ........................................................................................................ 78 
Loading Dye for DNA run on agarose gels (5X) ................................................................... 78 
Lambda Markers for DNA Gels .............................................................................................. 78 
MOPS SDS Running Buffer for Novex Gels (20X) .............................................................. 78 
MowiolMounting Medium ..................................................................................................... 78 
1)X 	Markers for DNA Gels ..................................................................................................... 79 
Phosphate Buffered Saline (Dulbecco's) ................................................................................ 79 
PonceauS ................................................................................................................................. 79 
SampleBuffer (3X) ................................................................................................................. 79 
SDS ........................................................................................................................................... 79 
SDS-PAGE ............................................................................................................................... 79 
SOB .......................................................................................................................................... 79 
SOC .......................................................................................................................................... 79 
TAE .......................................................................................................................................... 79 
TBE .......................................................................................................................................... 79 
TowbinTransfer Buffer ........................................................................................................... 79 
TrisBuffered 	Saline ................................................................................................................. 79 
BacterialStrains ................................................................................................................................. 80 
Agarose Gel Electrophoresis................................................................................................... 80 
Miniprepping of Piasmid DNA from E. coil culture ................................................. .............. 80 
SequencingReactions.............................................................................................................. 80 
Drad2lAnalysis .................................................................................................. 81 
6.1 .1 Isolation of the Cohesin Complex Components in Drosophila .................................................. 81 
6.1.2 dsRNA Interference on Cultured Drosophila S2 cells ................................................................ 81 
6.1.3 Preparation of Cultured Drosophila S2 cells for Immunoblotting .............................................. 83 
6.1.4 Imniunoblotting of Protein Extracts ............................................................................................ 83 
6.1.5 Immunofluorescence and Cytospinning ...................................................................................... 83 
6.1.6 	Antibodies ..................................................................................................................................... 84 
Table6.1 Antibodies ........................................................................................................... 85 
TransientTransfection Analysis ........................................................................ 86 
6.2.1 Ectopic Expression of Drad2 I Cleavage Mutants by Transient Transfection ........................... 86 
Tis2Analysis ....................................................................................................... 87 
FlyStrains Utilised ................................................................................................................................. 87 
6.3.1 List of ESTs and Plasmids Utilised ............................................................................................. 88 
6.3.2 Preparation of larval samples for SDS-PAGE ............................................................................. 88 
6.3.3 Affinity Purification of Tis2 Antibodies ...................................................................................... 88 
6.3.4 Immunofluorescence on Unfixed Cytospun Cells ....................................................................... 89 
6.3.5 Immunoprecipitation of Tis2- Associated Proteins from S2 Cell Extracts ................................ 90 
6.3.6 dsRNA Interference on S2 Cultured Cells (Alternative Method) .............................................. 91 
6.3.7 Reverse Transcriptase PCR of S2 Cell Extracts .......................................................................... 92 
6.3.8 Cloning T1s2 into a Bacterial Expression Vector ........................................................................ 93 
6.3.9 Bacterial Expression of GST-Tis2 ............................................................................................... 95 
6.3. 10 Drug Induced Perturbation of Cell Cycle .................................................................................. 96 
PrimerTable ....................................................................................................... 97 
Table6.4 Primer Table ....................................................................................................... 97 
Bibliography ......................................................................................................... 98 
Appendix ............................................................................................................. 116 
ix 
Chapter 3 Drad2 1 Transient transfections 
Optimising DNA Concentration for transient transfections 
Chapter 4 Tis2 Results 
Full amino acid alignments of Tis2 homologues 
Raw data for Deficiency crosses 
Manuscripts 
Depletion of Drad2 1 in Drosophila Cells Leads to Instability of the Cohesin Complex and 
Disruption of Mitotic Progression. Vass ci al. 2003 
Metaphase Chromosome. Vass and Heck, 2004 
Table of Figures 
Chapter 1 Introduction 
Figure 1.1 Drawings of Salamander Cells in Mitosis by Walther Hemming 
Figure 1.2 The Stages of Mitosis in Drosophila S2 Cells 
Figure 1.3 Schematic Model of Chromatin Organisation 
Figure 1.4 The Cohesin Complex 
Chapter 2 Drad2l Results 
Figure 2.1 Identification of the Cohesin Complex in Drosophila 
Figure 2.2 dsRNAi Specifically Depletes the Drad2l Protein 
Figure 2.3 Drad2l Depletion Results in Abnormal Chromatin and Spindle 
Morphology 
Figure 2.4 Cells Exhibiting Abnormal Chromatin Morphology are Cyclin B Positive 
Figure 2.5 Depletion of Drad21 Results in Premature Sister Chromatid Separation 
Figure 2.6 Chromosomal Passenger Protein INCENP is Mis-localised in Drad2l Depleted 
Cells 
Figure 2.7 INCENP Mis-localisation Occurs in Cyclin B Negative Cells 
Figure 2.8 Characterisation of INCENP Mis-localisation 
Figure 2.9 Centromeres Appear Less Clustered in Drad2 1 Depleted Cells 
Figure 2.10 Drad2 I is Required for the Stability of SA 1, but not vice versa 
Figure 2.11 Depletion of SAl Does Not Effect Mitotic Progression 
Figure 2.12 Stability of SMC1 is Not Dependent on either Drad2l or SAl 
Chapter 3 Drad2l Transient Transfection Results 
Figure 3.1 Ectopic Expression of Drad2 1 Cleavage Mutant Growth Curves 
Figure 3.2 Expression of the Drad2 1 Fusion Constructs 
Figure 3.3 Transformation Efficiency as Determined by GFP-Positive Cells 
Figure 3.4 Mitotic Analysis as Determined by P-1-13 Positive Cells 
Figure 3.5 Mitotic Distribution 
Figure 3.6 Percentage of GFP-Positive Cells Displaying Abnormalities 
Figure 3.7 Percentage of P-1-13 Positive Cells Displaying Abnormalities 
Figure 3.8 Distribution of Abnormal Categories Observed in GFP-Positive Cells 
Figure 3.9 Distribution of Abnormal Categories Observed in P-1-13 Positive Cells 
Figure 3.10 Examples of Abnormal Categories Observed in GFP-Positive Cells 
Figure 3.11 Examples of Abnormal Categories Observed in P-1-13 Positive Cells 
Chapter 4 Tis2 Results 
Figure 4.1 Schematic Representation of Conserved Motifs in Tis2 Homologues 
Figure 4.2 Testing Various Rabbit Sera Against S2 Cell Extract 
Figure 4.3 Testing Various Rabbit Sera Against Embryo Extract 
X 
Figure 4.4A Tis2 Antibody Associates with Interphase Chromatin 
Figure 4.413 Tis2 Antibody is Enriched at the Centrornere of Mitotic Chromosomes 
Figure 4.5 Tis2 Antibody Co-localises at the Centromere with CID 
Figure 4.6 Tis2 Antibody Co-localises with HPI at the Centromeres but not Telomeres 
Figure 4.7A Affinity Purification of Rabbit Sera Containing Tis2 Antibodies 
Figure 4.713 Affinity Purification of Rabbit Sera Containing Tis2 Antibodies 
Figure 4.8 Bacterial Expression of GST-Tagged Tis2 
Figure 4.9 Immunoprecipitation of Drad2I and Tis2 
Figure 4.10 dsRNA Mediated Interference Against Drosophila Tis2 
Figure 4.11 dsRNA Mediated Interference Against Drosophila Tis2 
Figure 4.12 Reverse Transcription PCR on Tis2 RNAi Cells 
Figure 4.13 Position of Deficiency Stocks at the Tis2 Locus 
Figure 4.14 Ectopic Expression of Tis2 During Eye Development 
Figure 4.15 Drug Induced Perturbation of Tis2 Localisation 
xl 
Chapter 1 Introduction 
Historical Perspective 
Working as a cell biologist, it was fascinating for me to learn that the first 
compound microscope was constructed over 400 years ago. This prototype 
instrument was built by Hans and Zacharias Jansen in 1590 and despite having 
limited optics, enabled the first glimpse of life below the resolution of the naked eye. 
The addition of a convex lens, a screw-barrel focusing device and a stand to hold 
everything in place were later technical improvements. The stability of the 
instrument and superior illumination of the sample were modifications developed by 
Christopher Cock, and it was using this microscope that Robert Hooke first coined 
the term "cell" in his studies of plant stems in 1665. Prior to the 19 ' century, image 
resolution was the limiting factor of the compound microscope. This was largely due 
to chromatic aberrations of the lenses. The development of achromatic lenses that 
were initially used in telescopes greatly improved the optical resolution. By the 
1820's, these compound microscopes with achromatic lenses were commonplace. In 
1830, C.F.A Morren observed the division of a protist into two like offspring and 
became the first person to describe the process of cell division. When Gregor 
Mendel presented his work on the laws of inheritance, to the Briinn Society for Study 
of Natural Sciences in 1865, it was given limited credence. The scientists of this 
time were unaccustomed to analysing statistical data, and failed to see the 
significance of Mendel's work. Curiously, one of the botanists that Mendel sent his 
work to was Karl Wilhelm von Nageli, who was also perhaps the first person to 
describe the structures that we now call chromosomes. 
The term "mitosis" (from the Greek word "?nilo" meaning thread) was 
originally coined by Walther Flemming in 1882. In his meticulous analysis of 
salamander cells, he was the first to provide an accurate account of the longitudinal 
splitting of sister chromatids and their subsequent movement to opposite ends of the 
cell (Figure 1.1). Flemming was also responsible for the term "chromatin" due to the 
affinity of this substance for chromatic dyes. The early stages of mitosis were named 
"prophase", "metaphase", and "anaphase" by Eduard Strasburger in 1884, and the 
ir 	4i4'-  
Figure 1.1 Drawings of Salamander Cells in Mitosis by Walther Flemming 
These drawings were made from stained preparations and show exquisite detail of resolving sister 
chromatids, first being aligned at the metaphase plate, and then being pulled towards the opposite 
poles of the cell by the microtubules. As the cell prepares to divide, the change in cell shape and the 
narrowing of the presumptive cleavage furrow is also depicted. 
Adapted from Zellsubstanz, Kern und Zelitheilung ('Cell substance, nucleus and cell division') 
published in 1882 by Walther Flemming. 
final stage of "telophase" was so called by Martin Heidenhain in 1894. Although 
Wilhelm Hertwig and Strasburger independently reported the hypothesis that the 
contents of the nucleus were responsible for heredity in 1884, it was the 
serendipitous discovery by Thomas Hunt Morgan in 1908 that finally demonstrated 
that chromosomes were responsible for heredity. In his work on Drosophila 
melanogaster, Morgan observed one white-eyed male fly in a culture vial of red-eyed 
flies. When he mated this male with red-eyed females the resulting progeny all had 
red eyes. He then allowed this generation of flies to mate and observed that there 
were both red and white-eyed male and female flies in the subsequent generation. 
This led to the conclusion that there were heritable "elements" on chromosomes and 
that some of these elements were sex linked. 
The following work draws on these basic elements, the model system 
Drosophila, and the use of a microscope to study the fascinating and aesthetically 
beautiful events that constitute the faithful transmission of genetic material from one 
cell to another. 
Adapted from Discovery of the Cell, [Matveev, et al.l. 
Brief Overview of the Cell Cycle 
Before describing in detail the events required to carry out a successful cell 
division, it is necessary to give a brief overview of the cell cycle. Cellular growth 
and division are exquisitely regulated by a complex molecular network of 
transcription factors, proteolytic enzymes, protein kinases and their inhibitors. The 
cell cycle is composed of four stages: GI (first gap), S (synthetic), G2 (second gap) 
and M (mitosis). During G  the cell is growing in mass and preparing for the 
subsequent cell cycle. When the conditions out with the cell are appropriate for cell 
proliferation, a change occurs in the stability of various key proteins allowing them 
to escape the negative feedback loop that holds them in GI. This in turn allows the 
cell to enter S phase and permits duplication of the centrosomes. During S phase the 
entire genome is faithfully replicated, once and only once. The replicated copies of 
each chromatid are tethered together and will remain so until the cell divides. 
Surveillance of the replicated genome is carried out in G2, and any unduplicated or 
damaged DNA molecules are repaired. Once this replication surveillance checkpoint 
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has been satisfied, activation of the cell cycle kinase Cdk-1 pushes the cell into 
mitosis. 
Mitosis is normally divided into five discrete phases: prophase, 
prometaphase, metaphase, anaphase and telophase. Prophase is defined by the 
beginning of chromosome condensation. The replicated centrosomes move to 
opposite sides of the cell and the turn over of cytoplasmic microtubules becomes 
highly dynamic. During prometaphase the nuclear envelope breaks down, and the 
chromosomes condense further. Spindle microtubules emanating from the 
centrosomes connect with specialised structures on the chromosomes called 
kinetochores. The chromosomes are then "jostled" on the mitotic spindle until they 
are all correctly attached and aligned, this precise moment is called metaphase. 
Anaphase is the abrupt separation of the sister chromatids and is brought about by 
the proteolytic cleavage of specific proteins. Initially the sister chromatids separate 
to the poles (anaphase A), then the spindle poles themselves move apart (anaphase 
B). As telophase ensues, the chromosomes begin to decondense and the nuclear 
envelope reforms around each separated genome. A ring composed of actin and 
myosin forms around the mid-point of the cell and then contracts. The cell then 
pinches in two, giving rise to two new daughter cells. This process is called 
cytokinesis (Figure 1.2). 
Progression through the cell cycle is dependent on a number of regulatory 
proteins, the main players of which are the cyclins. The cyclins are a diverse group 
of proteins ranging from 35-90 kDa and they all contain a defining domain referred 
to as the "cyclin box". Cyclins were initially discovered in sea urchin eggs and were 
observed to accumulate during interphase and then be abruptly destroyed during 
mitosis [Evans, el at. 19831. They were also the first example of accessory proteins 
that were found to activate rather than inhibit protein kinases IHennekes, etal. 19931. 
Currently, 16 different cyclins have been identified in humans and the expression of 
these proteins is precisely controlled [Pollard and Earnshaw 20021. The levels of 
these proteins rise and fall with the different stages of the cell cycle. During GI 
cyclin D is most prevalent, in S phase it is cyclins A & E, and during mitosis cyclins 
B & A are the most abundant (reviewed in IMurray 20041. Each cyclin associates 
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Figure 1.2 The Stages of Mitosis in Drosophila S2 Cells 
Drosophila S2 cells were grown on poly-L-lysine cover slips, fixed with 4% PFA, and processed for 
immunofluorescence with antibodies to phosphorylated histone H3 (red), and a tubulin (green), then 
counterstained with DAR (blue). 
Prophase- the duplicated centrosomes begin to move to opposite poles of the cell and 
the DNA begins to condense. Initiation of nuclear envelope disassembly commences. 
Prometaphase- nuclear envelope completely disassembled, microtubules are nucleated from 
the centrosomes and connect with the kinetochores of condensed chromosomes. 
Metaphase- all chromosomes have formed syntelic attachments and have become bi-oriented 
on the mitotic spindle, chromosomes have congressed to the metaphase plate. 
Anaphase A- the spindle assembly checkpoint has been satisfied and the APC has been activated. 
Cohesion between sister chromatids is dissolved and the chromatids move apart. 
Anaphase B- separated chromatids move to opposite poles of the cell. 
Telophase- the separated chromatids reach opposite poles and the DNA begins to decondense. 
The mitotic spindle is disassembled. 
Cytokinesis- nuclear lamina begins to reform around the condensing DNA and the cell cleaves in 
the middle to produce two new daughter cells. 
with one or two members of another protein family called the cyclin dependent 
kinases (Cdks) tDraetta, el al. 19891. In turn, most Cdks associate with one or two 
cyclins. However in budding yeast, Cdk-1 has been shown to associate with at least 
nine distinct cyclins [Andrews and Measday 19981. Although the levels of Cdk 
proteins remain fairly constant during the cell cycle, their activation is brought about 
by direct association with the appropriate cyclin, thus permitting tight regulation of 
substrate phosphorylation. Just as the up-regulation of cyclins is precisely 
controlled, so too is their destruction. All known cyclins are targeted for destruction 
by the proteosome by the addition of a chain of uhiquitin molecules. G I cyclins are 
ubiquitinated by the Skip Cullin F-box (SCF) complex (reviewed in [Jackson, et al. 
20001 (see Chapter 4 for more detail), whereas the mitotic cyclins are ubiquitinated 
by the anaphase-promoting complex or APC IGlotzer, et al. 1991]. The APC, or 
"cyclosome" is a multi-protein complex that confers ubiquitin ligase activity and is 
responsible for regulating many cell cycle proteins (reviewed in IPeters 2002]. The 
APC is activated by phosphorylation of its subunits and direct interaction with a 
protein called Cdc20 [Schwab, ci al. 1997, Visintin, et al. 19971 or Fizzy Dawson, 
el al. 1995, Sigrist, S., et at. 1995]. Both of these events require activation by Cdkl. 
Once activated, the APC facilitates the destruction of many proteins including cyclin 
B [Clute and Pines 1999], which in turn allows anaphase to proceed and the sister 
chromatids to separate. The APC remains active as mitosis ensues, but it switches 
from depending on Cdc20 to a related protein called Hctl/Cdhl or Fizzy-related for 
its activity [Jaspersen, el al. 1999, Sigrist, S. J. and Lehner 1997, Zachariae, el al. 
1998]. The action of the APC is finally terminated in G  by reactivation of various 
Cdks that phosphorylate Hct 1, and a new cell cycle commences. 
To Do or Die 
The majority of cells within an organism will ultimately face one of three 
potential fates: to divide, to differentiate, or to die. In order to divide successfully, 
the cell must possess the ability first to replicate, then to package, and finally to 
partition its entire genome to two new daughter cells. This genomic DNA must be 
accurately replicated in S phase to form an exact copy of itself, thus resulting in two 
identical single chromatids, which must be held in close proximity to one another to 
permit DNA repair. The process of cell division requires the DNA to be condensed 
into ordered, yet highly dynamic structures. This appears to happen as a two-stage 
process, with most condensation resulting in distinct chromosomes occurring even 
before nuclear envelope breakdown. The condensed chromosomes are only resolved 
into two discernible chromatids late in prophase. Following bipolar attachment to 
the mitotic spindle in metaphase, sister chromatids are separated from each other and 
actively moved to the two spindle poles in anaphase. It is absolutely critical that 
chromosomes are accurately condensed and resolved prior to the metaphase to 
anaphase transition. Inadequate resolution could result in trailing chromatin and if 
chromosomes are not condensed enough, they may be caught and cleaved by the 
ingressing cleavage furrow. Likewise, it is essential that chromatid separation occurs 
at the right time, otherwise unequal partitioning of chromatids into the two daughter 
cells would result, a phenomenon known as aneuploidy. Aneuploidy 
(supernumerous or missing chromosomes) is not well tolerated in humans, it is 
estimated that 25% of all human pregnancies result in miscarriage and that 50-60% 
of those are due to unequal chromosome segregation [Sullivan, el at. 2004]. In 
addition, the majority of cancer cells are aneuploid, however a caveat exists as to 
whether these cells arise due to a pre-disposed genetic instability or, that the 
aneuploid state is a post- transformation side effect (reviewed in [Rajagopalan and 
Lengauer 2004]). Finally, after separation the chromatids must be decondensed to 
the appropriate level to facilitate transcription and replication in the subsequent cell 
cycle. The consequences of failures in any of these processes would indeed be dire 
for the life of cells. 
Physical Organisation of DNA into a Chromosome 
Inierphase Condensation 
The ability to replicate, condense and accurately segregate an entire genome 
is a prerequisite for any cell undergoing division. The degree of structural 
engineering required to accomplish this task is quite amazing when one considers 
that the DNA of a typical human cell would measure approximately two meters in 
length if stretched end-to-end. Somehow, the cell manages to package this unwieldy 
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length of negatively charged DNA into a nucleus measuring approximately 5jm in 
diameter. In addition, this DNA must be accurately replicated to form two identical 
sister chromatids, both copies of which are required to be held in close proximity to 
permit DNA repair and recombination. These sister chromatids must then be 
condensed into a malleable package for the purpose of cell division, the mitotic 
chromosome. The length compaction required to produce a metaphase chromosome 
is nearly 10,000-fold (a packaging ratio of nearly 20-100 times greater than that of 
interphase chromatin IHeck 1997, Trask, el al. 1993]). Failure to properly condense 
the chromatin within the nucleus would have dire consequences on the cell such as 
an inability to properly resolve DNA tangles and the potential to shear any trailing 
chromatin during cytokinesis. 
Clearly the cell possesses the ability to bring about this massive condensation 
of its chromatin, but exactly how the cell manages to do this remains somewhat 
enigmatic. Thus far it has been clearly demonstrated that short lengths of the DNA 
molecule (147 bp) are wrapped around a core octamer of histone subunits (two 
proteins each of H2A, H213, H3 and H4) to form a structure called the 
chromatosome. This structure can be visualized by electron microscopy when 
extracted under non-physiological low salt conditions and has the appearance of 
"beads-on-string". This initial level of organization gives rise to a DNA fibre of 
approximately IOnm thick [McGhee and Felsenfeld 1980]. Further shortening of this 
fibre is brought about by a linker histone protein (Hl, or its variants) to form 
nucleosomes that coil into a structure of 30nm, bringing about a 40-fold compaction 
of the original DNA strand [Woodcock and Dimitrov 20011. Exactly how these 
30nm fibres fold further is somewhat controversial. There are currently four 
proposed models, a classic solenoid (or helical structure), a crossed-linker solenoid, a 
zigzag ribbon, or simply random folding [Pollard and Earnshaw 20021. The classic 
solenoid is the most widely favoured model but the fragility of the chromatin fibre 
upon isolation precludes detailed resolution of this structure. The 30nm fibres are 
organized into large loops (of 10-100 kb) that appear to fold back on themselves 
creating a structure known as the loop domain. Although this basic level of 
compaction appears to be identical in both interphase and mitotic chromosomes, a 
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further 20-100 fold order of compaction is required to generate a metaphase 
chromosome (Figure 1.3). 
Mitotic Condensation 
The metaphase chromosome is a transient entity- a highly robust structure 
designed to withstand the rigorous forces of mitosis. However, the precise 
mechanisms that bring about the level of condensation required to produce such a 
structure are still being pursued. To gain a better understanding of the proteins 
implicated in higher order chromosome structure, two distinctly different avenues of 
research were employed. The first was to visualise mitotic chromosomes by electron 
microscopy and the second was to isolate proteins from highly purified mitotic 
chromosome extracts. Paulson and Laemmli were the first to produce stunning 
electron micrographs of metaphase chromosomes in which all the histories and the 
majority of non-histone proteins had been removed by high salt or extraction with 
polyanions. These images showed halos of naked DNA looping out from a 
proteinaceous "scaffold" like structure that resembled the size and shape of the 
native chromosome [Paulson and Laemmli 19771. When followed, each loop 
appeared to emanate and return to the same region of the scaffold. Later it became 
apparent that these Scaffold Attachment Regions (SARs) or Matrix Attachment 
Regions (MARs) contain specific DNA sequences that display a high affinity to the 
proteinaceous scaffold [Mirkovitch, ci al. 19841. These stunning images gave rise to 
the "radial loop model" or the "scaffold hypothesis". However, as this structure 
remained after harsh extraction conditions that rendered the charge of the DNA 
unbalanced, sceptics challenged the existence of such a structure in vivo [Nelson, el 
al. 1986, Razin and Gromova 1995]. 
A Biochemical Approach 
Although these images were intriguing, they still did not reveal the protein 
composition of the highly purified mitotic "scaffold" structures. This was achieved 
by biochemical analysis of isolated mitotic chromosomes by SDS-PAGE. A number 
of chromosomal ly-associated proteins were observed, but analysis of the 
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Figure 1.3 Schematic Model of Chromatin Organisation 
The 1 Onm fibre is the fundamental unit of chromatin organisation and consists of double 
stranded DNA (blue line) wrapped twice around the histone octamer (yellow circles). 
The 30nm chromatin fibre is formed by the folding of the nucleosome into either a solenoid, 
zig-zag or crossed fibre array. 
Further folding and / or coiling of the chromatin fibre increases diameter to 400-700nm. 
0) 	Folding of chromatin fibre into loops, mediated by scaffold proteins (pink) and scaffold 
attachment regions (pink ovals). 
Adapted from Swedlow & Hirano (2003) Molecular Cell, Vol. 11: 557-569. 
simple. Two major protein bands (and a number of minor ones) were visualised: one 
of 170 kDa and the other of 135 kDa, they were called Sc I and Sc2 respectively 
[Lewis and Laemmli 19821. Antibodies generated against the chicken Scl protein 
were found to have the same binding pattern as antibodies generated against 
topoisomerase 11 Earnshaw, et al. 19851. The antibodies raised against SO also 
appeared to inhibit the functions of topoisomerase II. This in turn led to the 
conclusion that Scl was in fact topoisomerase II. The function of topoisomerase II 
is to decatenate or untangle loops of double stranded DNA. The enzyme does this 
by first creating a break within the double DNA strand; it then passes a strand of 
either the same DNA molecule or one belonging to an adjacent sister chromatid 
through the gap. The gap is then re-annealed, and so permits effective resolution of 
sister chromatids. Topoisomerase II has also been shown to be essential for 
chromosome segregation in Sa ceha romyces cerevisiae and Sch izosaccharoinyces 
pombe [Holm, el al. 1985, Uemura, et al. 1987, Uemura and Yanagida 19841 and as 
a marker for proliferating cells as opposed to quiescent cells [Heck and Earnshaw 
1986]. 
Information in the preceding paragraphs (unless specifically cited) was adapted from Vass and Heck 
"The Metaphase Chromosome" [Vass, S. and Heck 20041. Pollard and Earnshaw "Cell Biology" 
[Pollard and Earnshaw 2002], and McHugh and Heck "Regulation of chromosome condensation and 
segregation" [McHugh and Heck 20031. 
"Structural Maintenance of Chromosome" Proteins 
As previously mentioned, two major proteins were isolated from the purified 
mitotic scaffold fraction: Scl protein (topoisomerase 11) and ScIl protein. When the 
Scil gene was sequenced it was found to be a member of a novel family of 
chromosomal ATPases known as the SMCs ISaitoh, et al. 19941. SMC initially 
stood for stability of Mini-chromosomes, as a genetic screen of S. cerevisiae 
revealed a number of mutants exhibiting frequent mini-chromosome non-disjunction 
[Larionov, el al. 19851. However this acronym was later changed to denote 
Structural Maintenance of chromosomes as more genes of similar sequence were 
identified and whose roles were found to be involved in chromosome dynamics. The 
first member of the family to be identified from the genetic screen was S,nci. Stncl 
was demonstrated to be essential for viability and to maintain cohesion between 
sister chromatids [Strunnikov, el al. 1993]. As sequence databases became more 
extensive it turned out that Smci belonged to a large family of highly conserved 
proteins that were present in all organisms from mycoplasma to mammals. Although 
SMC proteins have been identified in archaebacteria and many eubacteria, there do 
not appear to be orthodox SMC proteins in Gram-negative bacteria [Hirano 1998, 
Strunnikov 19981. However a mutation affecting the ,nukB gene in Echerichia coli 
shows a similar phenotype to the Smc mutants. Sequence analysis shows this gene to 
be SMC-like although it differs in the end termini INiki, el al. 19921. SMC proteins 
have an ancient origin, as would perhaps be anticipated for a protein involved in 
chromosome dynamics (reviewed in ICobbe and Heck 20001 and [Cobbe and Heck 
20041). 
Molecular Architecture of SMC Proteins 
The SMC proteins range in molecular weight from 115 to 165 kDa and 
contain five major structural motifs. These include a putative Walker A (or ATP 
binding site) at the amino-terminus, two long coiled-coil regions of approximately 
200-450 residues, a globular hinge region separating the coiled coils, and finally a 
carboxyl-terminal DA box, (which contains a putative Walker B motif- defined as an 
aspartic acid preceded by four hydrophobic amino acids [Walker, el al. 1982]). The 
ATPase activity of these proteins could be brought about in two ways: an individual 
molecule could bend at the hinge region bringing the amino and carboxyl-termini 
together, or alternatively two molecules could interact with each other to form an 
anti-parallel dimer, bringing their opposite ends into contact. in order to address this 
question, Melby and colleagues purified MukB protein from E. coli and the Smc 
protein from Bacillus subiilis. They then visualised the proteins by electron 
microscopy alter rotary shadow I Mel by, et al. 1998]. The authors observed that both 
proteins showed a striking similarity in that they exhibited a "V" shape formation 
consisting of a flexible hinge separated by two long thin, rod-like arms with globular 
termini. To ascertain which ends of the protein made up the globular regions, they 
modified the MukB protein by removing the carboxyl-terminus and replacing the 
amino-terminus with a fragment of fibronectin. When these proteins were 
visualised, the fibronectin was detected at both ends suggesting this protein complex 
existed as an anti-parallel dimer. Analysis utilising atomic force microscopy on the 
SMC2/SMC4 complex from S. poinbe, showed that the closed arms appeared as a 
"tail" extending from the globular "head" domains. Subsequently it has been 
demonstrated that each SMC monomer appears to fold back on itself, with the 
coiled-coil association along the arms being intramolecular [Hirano 2002, 
Yoshimura, et al. 20021. It has also been demonstrated that each monomer interacts 
with the other via its hinge region lAnderson, el al. 2002, Haering, el al. 20021. 
An Extended Family 
The eukaryotic SMCs may be divided into six subfamilies, SMC1-6. 
Biochemically, these families of SMC proteins comprise three different 
heterodimeric complexes (with other non-SMC associated proteins), each having 
distinct functions. SMCI and SMC3 (in combination with at least 2 other non-SMC 
proteins) have been shown to be involved in sister chromatid cohesion. SMC2 and 
SMC4 (in combination with three other non-SMC proteins) have been implicated in 
chromosome condensation (recently reviewed in [Cobbe and Heck 2004, Gassmann, 
et al. 2004b, Hagstrom and Meyer 2003, Uhlmann 20011). Finally, SMC5 and 
SMC6 appear to be involved in dosage compensation in C. elegans [Chuang, el al. 
1994, Chuang, el al. 1996, Lieb, ci al. 19961 DNA repair [Fujioka, el at. 2002, 
Harvey, el at. 2004, Lehmann, A. R., et at. 1995, Mengiste, et al. 1999, Verkade, el 
al. 19991 and more recently segregation and meiotic recombination [McDonald, el 
al. 2003, Pebernard, et al. 20041. Table 1.1 depicts the various SMC and non-S MC 
subunits identified so far in a number of model organisms. 
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Table 1.1 SMC and non SMC Proteins 
.S.cerevis,ae S.ponbe C. elegan.s Dtne!anoga.ster X. laevi.s H. sapiens 
Cohesin 
SMCI Smcl Psml HIM-i SMC1 SMCI SMCI 
SMC3 Smc3 Psm3 SMC-3 SMC3 SMC3 SMC3 
SCCL Sccl/Mcdl Rad2l SCC-I/COH-2 Rad2l RAD21 RAD21 
SCC3 Scc3 Psc3 SCC-3 SA SALSA2 SA1,SA2 
REC8 Rec8 Rec8 REC-8 - - REC8 
Condensin 
SMC2 Smc2 Cut 14 MIX-I SMC2 CAP-E CAP-E 
SMC4 Smc4 Cut3 SMC-4 
(DPY-27) 
SMC4 / gluon CAP-C CAP-C 
CAP-D2 Ycs4 Cndl HCP-6 
(DPY-28) 
CGI91 1 CAP-D2IEg7 CAP-D2/CNAP1 
CAP-G Ycs5/Ycgl Cnd3 - CG 17054 CAP-G CAP-G 





Spr18 C27A2.1 CG3248 SMC5 SMC5 
SMC6 Smc6/Rhc18 Radi8 C231-14.6 CG5524 SMC6 SMC6 
Table I . 1 Showing the SMC proteins and the associated non-SMC subunits of the respective 
complexes, in a number of different organisms. Adapted from JHagstrom and Meyer 2003]. 
Increasing Complexity 
An alternative in vitro system for isolating chromosomally associated 
proteins was developed by Hirano and Mitchison. By the addition of de-
membranated sperm nuclei to extracts prepared from metaphase of meiosis It 
arrested Xenopus laevis eggs, new proteins could be isolated and identified. These 
proteins were dubbed XCAPs for Kenopus chromosomally Associated Proteins. The 
two most abundant proteins observed were XCAP-C and XCAP-E, which turned out 
to be the Xenopus homologues of SMC2 and SMC4 [Hirano and Mitchison 19941. 
The authors also demonstrated that the in vitro immuno-depletion of XCAP-C 
(SMC4) prohibited the establishment and maintenance of proper chromosome 
11 
condensation. Subsequent purification of XCAP-C and XCAP-E led to the discovery 
that these proteins existed in a complex with three other proteins XCAP-D2, XCAP-
G and XCAP-H. As depletion of any of the components of this complex resulted in 
the inability to properly condense chromatin, collectively these proteins were called 
the condensin complex [Hirano, et al. 19971. Similar complexes have since been 
identified in fission yeast [Sutani, et al. 19991 humans [Schmiesing, el al. 20001 and 
Drosophila rnelanogaster (Savvidou, in press). 
Curiously, although biochemical analysis utilising Xenopus extracts 
demonstrated that the condensin complex was required for chromosome 
condensation in vitro the same appeared not to be true in vivo. In fact both genetic 
mutation or dsRNA interference in Drosophila cultured cells of either the SMC or 
non-SMC subunits of the condensin complex showed that chromosome condensation 
was perturbed but not abolished [Bhat, el al. 1996, Lavoie, ci al. 2002, Lavoie, el al. 
2000, Ouspenski, el al. 2000, Steffensen, el al. 2001]. Indeed the most prevalent 
defects were observed in chromosome segregation during anaphase as the chromatids 
appeared not to have been adequately untangled from one another. Intriguingly, 
when a conditional knockout of the condensin subunit ScIl/SMC2 in chicken DT40 
cells was analysed, cells exhibited delayed, but ultimately almost complete 
chromosome condensation [Hudson, et al. 20031. However, the structural integrity 
of these chromosomes was compromised. The authors demonstrated this by 
incubating the cells in a hypotonic buffer prior to fixation, and then re-incubating the 
cells in another buffer containing magnesium. Those cells with functional Scil 
initially became swollen in the hypotonic buffer but were able to reform the shape of 
the native chromosome upon addition of magnesium. However, those cells lacking 
Scil became much larger and structurally very disorganized in the hypotonic buffer 
and were unable to reform their shape upon addition of magnesium. It was also 
observed that the localization of non-histone proteins such as topoisomerase II and 
INCENP was aberrant. This led to the conclusion that a major function of condensin 
is to promote the correct association of non-histone proteins with mitotic 
chromosomes, and so ensure the establishment of a robust chromosome structure. 
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Condensin II Complexes 
Recent studies have identified and begun to characterise a second condensin 
complex isolated from higher eukaryotic cells [Ono. el al. 2003, Yeong, et al. 20031. 
So far it has been shown that condensin II associates with chromatin in prophase, in 
contrast to condensin I which is cytoplasmic and appears to interact with 
chromosomes after nuclear envelope breakdown. RNA interference experiments 
have indicated that condensin II is required for chromosome condensation in early 
prophase, whereas condensin I appears to be dispensable at this stage. Depletion of 
both condensin complexes delays the onset of chromosome condensation until the 
end of prophase, when it is then rapidly initiated before nuclear envelope breakdown 
[Hirota, et al. 2004]. These results reveal that association of condensin I and II with 
chromosomes is temporally distinct, and may be one way to regulate higher order 
chromosome architecture. 
Sister Chromatid Cohesion 
So far I have discussed the structural organization of chromatin and how it is 
packaged into a chromosome. Chromosomes are replicated once every cell cycle, 
and the resulting copies, or sister chromatids, must be equally distributed to the new 
daughter cells resulting from mitosis. To prevent unequal distribution, and to resist 
the rigorous forces of mitosis, the replicated sister chromatids must be tethered 
together. When the cell surveys and detects that the conditions are appropriate for 
chromosome segregation to occur, the ties between the sister chromatids are broken. 
This tethering is facilitated by a group of at least four proteins known collectively as 
the cohesin complex. 
As previously mentioned the first component of this complex was originally 
identified almost 20 years ago, Sine] in S. cerevisiae [Larionov, ci al. 19851. The 
discovery that this protein existed in a complex with at least three other proteins was 
also made in budding yeast. The four main polypeptides within the complex are: 
SMC1p, SMC3p, Sccl/Mcdlp and Scc3p [Guacci, el al. 1997, Michaelis, el al. 
1997, Toth, A., etal. 1999] (Figure 1.4). The Sccl/Mcdl protein is also known as 
Rad2lp and was originally identified as being sensitive to gamma radiation in S. 
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Figure 1.4 The Cohesin Complex 
The cohesin complex is composed of four sub-units: SMC1, SMC3, Rad2l/Sccl and SA1/Scc3. 
A fifth protein, Pds5, has also been associated with this complex, but does not appear as tightly 
bound as the other components. The cohesin complex forms a large ring like structure measuring 
approximately 50nm in diameter, which is thought to encircle the replicated DNA strands and hold 
them together until the Rad2l ISccl component is cleaved at the onset of anaphase. 
pombe [Birkenbihl and Subramani 1992]. The cohesin complex has since been 
identified in Xenopus, humans [Losada, el al. 2000, Sumara, et al. 20001 and 
Drosophila (this work [Vass, S., et al. 2003]). Intriguingly, there appears to be two 
cohesin complexes in frogs and humans that differ by their sedimentation properties. 
One complex sediments at 14S and the other at 12.5S. Both complexes contain 
SMC1, SMC3 and Rad2l (Sccl) but they differ in the Scc3 counterpart by having 
either SAl or SA2. In Xenopus egg extracts the SAl containing complex is more 
abundant, but in human cells the SA2 containing complex appears to be dominant. 
In addition, two other proteins Scc2 and Scc4 (dubbed "adherins") have been 
shown to form an independent complex that is required for the association of cohesin 
with chromatin (Ciosk, el al. 2000, Toth, A., el al. 19991. More recently Scc2 has 
been found to exist as two alternatively spliced forms in humans and frogs, Scc2A 
and Scc2B. Immuno-depletion of both Scc2A and Scc2B from Xenopus extracts was 
found to impair the association of cohesin with chromatin. Also, using drugs that 
specifically inhibit either DNA replication (e.g. p2lIClP1]) or replication licensing 
(e.g. geminin) it was observed that the loading of Scc2 onto chromatin was 
dependent upon replication licensing, but not on the initiation of DNA replication 
Gillespie and Hirano 2004]. Further studies have shown that the loading of Scc2 
onto DNA is dependent specifically on the presence of MCM2-7 (Takahashi, el al. 
20041. The MCM complex is thought to act as a replicative helicase, which once 
loaded onto chromatin, is essential for defining the replication origins as being 
licensed for replication [Nishitani and Lygerou 20041. 
Precocious Dissociation of Sisters 
A fifth protein known as PdsS (for precocious dissociation of aisters), was 
first identified in fungi (PDS5 in S. cerevisiae, i9i,nD6 in Aspergilius nidulaus, and 
Spo76 in Sordaria) and was shown to be involved in sister chromatid cohesion, 
chromosome axis morphology and chromosome condensation [Denison, el al. 1993, 
Hartman, et al. 2000, van Heemst, et al. 19991. It has since been identified in higher 
eukaryotes and has a very similar localisation pattern to the cohesin complex, and is 
required for the maintenance of sister chromatid cohesion IHartman. et al. 2000, 
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Panizza, ci al. 2000, Sumara, et al. 20001. The ability for Pds5p to interact with the 
cohesin complex is dependent on the presence of Scclp, but the cohesin complex 
will still associate with DNA in the absence of Pds5p. In S. poinbe Pds5 has been 
shown to interact with Ctf7p/Ecolp and Eco2p, proteins that are required for DNA 
replication [Tanaka, K., et al. 20011. Intriguingly, Pds5 mutants are viable, but 
display hypersensitivity to DNA damage (Wang, S. W., et al. 2002]. Recently it has 
been shown that Pds5 is sumoylated during mitosis [Stead, etal. 20031. SUMO is  
small ubiquitin-related protein that becomes covalently attached to other proteins and 
in conjunction with SUMO isopeptidases, appears to have a role in cell cycle 
progression and sister chromatid cohesion [Biggins, etal. 2001, Melchior 20001. 
The sumoylation of Pds5 is thought to bring about a conformational change in the 
protein that in turn would permit dissolution from the cohesin complex. 
Alternatively sumoylation may render the cohesin complex more accessible to the 
proteases required to separate the sister chromatids at anaphase. 
Loading of Cohesin onto Chromatin 
As sister chromatid cohesion is required contiguously at replication it is not 
surprising that two other replication-associated proteins Replication Factor C (RFC, 
Ctfl8p, Ctf8p, Dcclp) [Hanna, el al. 2001, Mayer, et al. 2001], and DNA 
polymerase kappa [Wang, Z., et al. 20001 have been demonstrated to be necessary 
for establishment of cohesion. Also, EcolICtf7, another replication associated 
protein has been implicated in generating cohesion during replication [Skibbens, el 
al. 1999, Toth, A., et al. 19991. In addition, it has been observed that a mutation in 
the Drosophila RFC4 subunit is not only replication checkpoint deficient but also 
results in premature separation of sister chromatids [Krause, et al. 20011. 
Exactly how the cohesin complex associates with chromatin remains 
enigmatic, however, current literature favours the "cohesin ring" model [Gruber, ci 
al. 2003, Hopfner 2003, Uhlmann 2003, 20041. As described the cohesin complex is 
composed of four proteins, the large SMCI and SMC3 molecules are thought to form 
a large proteinaceous ring structure in a head to head, tail-to-tail configuration while 
the Sccl subunit acts as a molecular clasp [Anderson, ci al. 20021. It has been 
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demonstrated that the N-terminus of Sccl interacts with Smc3p in yeast and that the 
Smclp interacts with the C-terminus of Sccl [Haering, et al. 2002] and that this 
interaction is dependent on ATP hydrolysis [Arumugam, el al. 2003, Weitzer, et al. 
20031. However, how this ring structure might encircle both replicated DNA strands 
is not clear. The complex has been shown to have a very high affinity for chromatin 
and is resistant to high salt extraction, yet can be easily removed by nuclease 
treatment [Ciosk, el al. 20001, suggesting that a ring structure could simply slip off 
the free DNA ends. The diameter of such a ring structure is thought to be about 
50nm, and considering that its task is to encompass not one, but two replicated 
chromatin fibres each measuring at least 30nm, it would appear to be somewhat 
architecturally challenging. In addition these replicated DNA fibres would not be 
"naked" in vivo they would in fact be associated with the many other proteins that 
constitute chromatin, further suggesting that a ring structure comprised of only one 
complex would simply not be large enough. It may be possible that the complex 
forms a double ring, where two molecules of each protein associate as described but 
in a mirror image. The elucidation of this problem will be intriguing to follow. 
Localisation of Cohesin 
Curiously the localisation of the cohesin complex (as discerned by immuno-
localisation or GFP tagging of Sccl) differs slightly between yeast and metazoans. 
In yeast Sccl becomes associated with chromatin upon replication, and can be 
detected at the centromeric region and along the chromosome arms until the 
metaphase to anaphase transition [Michaelis, el al. 1997]. In higher systems 
including Drosophila, Xenopus and humans, Scc 1 appears to dissociate from the 
chromosome arms during prophase, but a small pool remains at the centromere until 
the onset of anaphase [Darwiche, el al. 1999, Losada, ci al. 1998, Sumara, el al. 
2000, Warren, et al. 2000b1. The liberation of cohesin from chromosome arms 
during prophase has been shown to be independent of the cleavage of Sccl that 
occurs at the onset of anaphase [Waizenegger, et al. 20001. In addition, this 
liberation has been shown to be dependent on Polo like kinase (PLK). Immuno-
depletion of PLK from Xenopus mitotic egg extracts was sufficient to prevent the 
dissociation of cohesin from prophase chromosomes, and the subsequent re-addition 
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of PLK was sufficient to remove cohesin from the chromosome arms ISumara, el al. 
20021. Although purified cohesin could still bind chromatin, cohesin that had been 
incubated with PLK could no longer associate, suggesting that the phosphorylation 
of cohesin by PLK was required for dissociation from chromatin. Of particular 
interest, the authors also observed that the depletion of PLK and retention of cohesin 
adversely affected chromosome morphology. Although condensin was still 
recruited, the chromosome axis failed to form. This strongly suggests that the 
dissociation of cohesin in prophase is required for proper resolution of sister 
chromatids and the final levels of compaction required to obtain a metaphase 
chromosome. 
Dissolution of Cohesion 
The temporal control of the dissolution of cohesion is of paramount 
importance and requires an exquisite surveillance mechanism. In the first instance 
the chromatid pairs must form an amphitelic attachment (i.e. when both sister 
kinetochores are orientated to opposite spindle poles) that in turn will permit them to 
be correctly bi-orientated on the mitotic spindle. Bi-orientation is achieved by the 
plus-end of the spindle microtubules, emanating from the centrosomes, making 
contact with the individual kinetochore of each sister chromatid, thus bringing the 
tethered chromatid pair under tension. The detection of tension and any unattached 
or syntelically attached (both kinetochores attached to the same pole) chromosomes 
is carried out by the "wait anaphase" or spindle assembly checkpoint. The presence 
of unattached or mis-attached chromosomes triggers the production of Mad2, Mad3 
and BubRl-Bub3 complex of proteins at the kinetochore [Musacchio and Hardwick 
2002]. These proteins stoichiometrically interact with and inhibit Cdc20 or fizzy. 
As previously discussed the function of Cdc20 is to activate the anaphase-promoting 
complex or cyclosome (A PC/C). The APC/C is a large molecular weight complex 
containing at least 11 subunits, the function of this complex is to target various 
proteins for destruction by ubiquitin conjugation. Such tagged proteins are then 
destroyed by the proteosome. Amongst those proteins targeted are the mitotic 
cyclins (in particular cyclin B) and another protein known as Securin. The 
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persistence of cyclin B maintains the activity of cyclin dependent kinase-1 (Cdk-I). 
The perdurance of this enzyme holds the cell in a mitotic state, with condensed 
chromosomes and disassembled nuclear membrane, and allows time for of the 
chromosomes to become correctly aligned and bi-oriented (reviewed in [Murray 
2004. Nasmyth 2002, Peters 2002]). 
In budding yeast the dissolution of sister chromatids is brought about by 
cleavage of the Sccl subunit by a conserved cysteine protease, EspI/Separase (Cut I 
in S. pombe) I Koshland and Guacci 2000, Nasmyth, et al. 20001. The separases are a 
family of large proteins, sharing a high level of conservation in their C-termini. It is 
in this region that the conserved histidine and cysteine residues that confer the 
molecule's proteolytic activity are found. Separase specifically cleaves Sccl at 
conserved sites identified in budding [Uhlmann, el al. 1999] and fission yeast 
ITomonaga, et al. 20001, humans and Xenopus [Nasmyth 2001]. The protease 
activity of Separase is inhibited by its direct association with another protein called 
Pdsl/ Securin (in S. cerevisiae) [Ciosk, et al. 1998] and Cut2 (in S. poinhe) 
[Funabiki, el al. 1996b]. These proteins are also found in Drosophila. Curiously 
however, the fly has two proteins that constitute a bipartite form of Separase, these 
are Separase (Sse) and Three Rows (Thr), the fly homologue of Securin is a protein 
called Pimples [Jager, el al. 2001, Stratmann and Lehner 19961. As described, 
Securin is targeted for destruction by the APC/C, thus permitting the liberation and 
activation of Separase. Upon liberation of Separase, Scci is cleaved, cohesion is 
dissolved and the sister chromatids are free to move apart [Cohen-Fix, el al. 1996, 
Funabiki, el al. 1996a]. 
Cohesion During Meiosis 
As in mitosis, the process of meiosis also requires the splitting of sister 
chromatids- in this case to form haploid gametes. However, meiosis is a two-stage 
process. In meiosis I the replicated sister chromatids remain together to permit the 
formation of chiasmata and thus allow recombination to occur. During the first 
meiotic division only the homologues of each chromosome are separated, the 
individual replicated chromatids remain held together. As this first round of division 
halves the number of chromosomes in each cell, this is called a reductional division. 
18 
In meiosis 11. the individual replicated chromatids are then split to form haploid 
gametes, this is referred to as an equational division. In yeast cells this separation of 
sister chromatids is also brought about by the enzyme Separase, although the 
substrate is a meiosis specific variant of SccI called Rec8. 
Cleavage of Rec8 along the chromosome arms occurs during anaphase I, but 
a small pool of Rec8 remains associated with the centromeres until anaphase II. In 
recent work it has been demonstrated that this centromeric pool of Rec8 is protected 
from Separase cleavage by a protein called Shugoshin (Japanese for "guardian 
spirit") (Sgol) [Kitajima, etal. 2004]. A second protein called Sgo2 was also 
identified and found to be required for faithful segregation of mitotic chromosomes 
in fission yeast. Localization of both of these proteins to the centromere requires the 
presence of the spindle assembly checkpoint protein Bubi. A vertebrate Sgo has 
also been identified which is required to prevent premature sister chromatid 
separation during mitosis [Salic, el al. 2004]. In addition this protein has been 
shown to be required for kinetochore microtubule stability, suggesting a link between 
sister chromatid cohesion and microtubule interaction at the kinetochore. 
Decondensing DNA 
As the sister chromatids are pulled towards the opposite poles of the cell, the 
nuclear envelope begins to reform and the process of decondensation begins. Many 
of the proteins required to maintain the highly condensed state of the mitotic 
chromosome are either proteolytically cleaved (as in topoisomerase II [Heck, et al. 
1988]), degraded, (cyclin B [Whitfield, el at. 19901), post transcriptionally modified, 
(dephosphorylation of serine 10 on histone H3 [Gurley, el al. 1974]) or re-located to 
other parts of the cell (INCENP [Cooke, el al. 1987]). The exact mechanisms 
involved in the process of decondensation are not clearly understood, although 
incubation of Xenopus egg extracts with non-degradable cyclin B, will inhibit the 
process of decondensation but not entry into anaphase, suggesting that degradation of 
this protein is vital for cell cycle progression [Murray, el al. 19961. Many proteins 
required for the next round of replication begin to re-associate with the decondensed 
chromatin. Although these proteins may not be directly involved in the process of 
decondensation, their presence may be an integral factor. 
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The Chromosome Passenger Proteins 
Clearly the ability to segregate an entire genome requires the intricate and 
highly orchestrated movement of proteins and sister chromatids to the right place at 
the right time. This requirement would suggest a need for an intriguing class of 
protein, that have the ability to move around the cell during mitosis to "mark out" 
specific regions, or to define selected boundaries. One family of proteins that 
exhibits a very dynamic localisation during mitosis is the group of proteins referred 
to as "chromosome passengers". The first chromosome passenger protein to be 
identified was INCENP, named after its localisation to the INner CENtromere 
(Protein) during prometaphase [Cooke, el al. 19871. These proteins were so called 
due to their characteristic localisation during the cell cycle. They are nuclear during 
G2 and are then observed to localise along the condensing arms of chromosomes in 
early prophase. The proteins then accumulate at the inner centromere during 
prometaphase and remain there until the onset of anaphase, where they leave the 
centromeres and re-localise on the central spindle. As the cleavage furrow ingresses 
at the end of mitosis, these proteins end up in a structure called the mid-body, the last 
point of contact between the two daughter cells. The proteins are then discarded 
from the cell completely. 
To date there are at least six known chromosome passenger proteins that 
exhibit this dynamic localisation: 1) INCENP, 2) Aurora B [Glover, et al. 1995], 3) 
Survivin [Ambrosini, el al. 19971, 4) Borealin I Dasra B tGassmann, el al. 2004a, 
Sampath, el al. 2004], 5) CSC-1 [Romano, et al. 2003] and 6) TD-60 [Martineau-
Thuillier, et al. 19981. The main phenotypes associated with expression of dominant 
negative forms of INCENP, are defects in chromosome condensation and failure of 
cytokinesis [Ainsztein, el al. 1998, Mackay, et al. 1998]. This protein has also been 
demonstrated to be essential in mouse [Cutts, el al. 1999], yeast [Kaitna, el al. 2000], 
C. e!egans [Kaitna, el al. 20001, Drosophila [Adams, el al. 2001b] and humans 
tHonda, el al. 20031. In addition, INCENP has been demonstrated to form a 
complex with Aurora B, Survivin and Borealin [Adams, et al. 2001a, Gassmann, et 
al. 2004a, Wheatley, el al. 2001a]. Furthermore, Borealin has been shown to be 
required for the correct localisation of TD-60. Intriguingly there appear to be two 
20 
forms of the complex, one containing only INCENP and Aurora B and the other 
containing INCENP, Aurora B, Survivin and Borealin. This field is still actively 
progressing and investigation of the functions of each complex are currently being 
pursued. 
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Outline of the following results chapters 
Chapter 2 	Analysis of Drad2l 
The specific question addressed in this chapter was what are the cellular 
consequences of depleting the Drad2 I sub-unit of the cohesin complex in Drosophila 
S2 cultured cells. The chapter includes a short introduction and a detailed 
explanation of the experimental approaches utilized in the analysis of Drad2l and 
other components of the cohesin complex in Drosophila inelanogasier. The 
rationale for each experiment will also be given and a detailed discussion of the data 
obtained. The cellular consequences of depleting Drad2l by RNA interference, and 
how the specific stage of cell cycle affected was identified will also be discussed. 
Furthermore, it will be demonstrated that the stability of Scc3ISA 1 is dependent on 
the presence of Drad2l, but not vice versa, and that the level of SMCJ does not 
appear to be affected by depletion of either protein. In addition, it was observed that 
the chromosome passenger protein INCENP becomes mis-localised when Drad2l is 
depleted, an analysis of this data and potential hypothesis will be given. 
Chapter 3 	Drad2l Transient Transfection 
The initial work on carried out on Drad2l was to specifically characterise the 
effect of depleting this protein. A further questioned considered was what effect 
there might be on cohesion if a non-cleavable form of this protein was introduced to 
cultured cells. The work encompassed in this chapter was done in collaboration with 
Rebecca Keall, a post- graduate student from the Warren lab in Townsville, 
Australia. Her project was to perform site directed mutagenesis of Drad2l eDNA 
resulting in clones that would be resistant to cleavage by separase/SSE (2 sites in 
total were mutated). She then generated a number of transgenic fly lines containing 
these specific mutations under control of the UAS/GAL4 system. In her work she 
has shown that only the "C" terminus mutant produced a phenotype, the "N" 
terminus mutants do not. In this work, S2 cells were co-transfected with all of the 
mutant constructs (some tagged with GFP) and various GAL4 drivers, with a view to 
disrupting the normal cleavage of Drad2 I. It was observed that the level of Drad2 I 
appears to be very tightly regulated and that over expression of the mutant constructs 
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appears to shut off expression of the endogenous protein. In addition, an 
accumulation of a potential cleavage product was detected in those cells transfected 
with the "N" terminus mutated constructs. A detailed discussion of these 
observations will be given. 
Chapter 4 	Tis 2 Story 
Depletion of Drad2l led to mis-localisation of the chromosome passenger 
protein INCENP. This protein appeared to occupy a larger region of the 
chromosome arm of separated sister chromatids than was normally observed in non- 
separated chromatids. This raised a curiosity to ascertain what the specific effect of 
cohesion had on the integrity of centromeric heterochromatin. In an attempt to 
address this question, an analysis was carried out on a novel protein (Tis2) that 
appeared to have a centromeric localisation. The Tis2 protein was originally 
identified in Robin Alishire's lab, as a yeast two-hybrid interactor with swi6. Swi6 is 
the S. potnbe homologue of the Drosophila protein HPI (heterochromatin protein 1). 
Work carried out in the Allshire lab established that a mutation in Tis2 led to 
chromosome segregation defects and increased sensitivity to the microtubule poison 
TBZ. It was also demonstrated that Tis2 appeared to be required for to recruit 
rad2l p to centromeric heterochromatin. A former undergraduate student in the Heck 
lab, Emanuela Giacometti, initially began to characterize this protein in Drosophila. 
She acquired a number of EPIPI element insertion lines reported to be in CGI 1033 
(the Tis2 locus), she also generated a number of peptide antibodies against the amino 
& carboxyl-termini of the protein, but did not have time to characterize these 
reagents in depth. In this study it has been shown that the antibodies detect a protein 
of the predicted size by immunoblotting, and by immuno-fluorescence the antibodies 
detect a protein located at the centromere of mitotic chromosomes. Although no 
mitotic defect was found in the various fly lines, it was established that the fertility of 
adult male flies over a deficiency stock was compromised. Many attempts to deplete 
this protein by RNAi were carried out using various different strategies, 
unfortunately none proved successful. The antibodies were affinity purified and 
immuno-precipitation experiments were carried out. In addition, an attempt to 
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delocalise the Tis2 protein was also made using a number of cell cycle disrupting 
drugs. A detailed discussion of the results obtained and the potential caveats that 
these results raised will also be given. 
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Chapter 2 Analysis of Drad2I 
Drad2l in Detail 
In Drosophila nelanogaster the Sccl or Drad2l subunit was initially 
identified and described by Warren et al. [Warren, ci al. 2000a]. Drad2l 
(AF109926) is comprised of 8 exons giving rise to a 2.264kb cDNA, which encodes 
a predicted protein of 715aa. Although the Drad2l locus has been sequenced by 
Celera Genomics (the company which sequenced the Drosophila genome), the exact 
location within the genome remains obscure. DNA in-situ hybridisation carried out 
in the Warren lab against salivary gland polytene chromosomes showed strong 
localisation of Drad2I DNA at the chromocenter, suggesting the gene is located 
within heterochromatin. As previously discussed there are no known Drosophila 
mutant alleles of Drad2l, precluding a genetic analysis of this gene. 
Aims of this chapter: 
To verify the existence of the cohesin complex in Drosophila inelanogasier. 
To analyse the cellular consequences of depleting specific subunits of the cohesin 
complex in cultured S2 cells. 
Analysis of Drad2I Results 
Identification of the Cohesin Complex in Drosophila 
In humans, frogs, and yeast the cohesin complex has been shown to be 
composed of four main components: two SMC sub units SMCI and SMC3, and two 
other non-SMC sub units Rad2l/Mcdl/Sccl and SAI/Scc3 [Guacci, ci al. 1994, 
Losada, el al. 1998, Losada, ci al. 2000, Michaelis, ci al. 1997, Sumara, ci al. 20001. 
Although sequence homology predicted that all cohesin components were present in 
Drosophila, it had not been demonstrated biochemically. 
In order to verify the existence of the cohesin complex in Drosophila we 
performed an Immunoprecipitation analysis. The Drad2l antibody was cross-linked 
to protein A sepharose beads using DMP (as described in Materials & Methods 
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6.1 . 1), then the antibody bound beads were incubated with embryo extract and later 
eluted using 2% SDS in lx PBS. The eluate was resolved by SDS PAGE and two 
prominent bands of 140 & 148kDa (Figure 2.1A) were excised from the gel and 
analysed by mass spectrometry. This analysis produced two protein sequences, 
which when run through BLAST, were found to be homologues of SMCI and SMC3 
(accession numbers: gi17159657 and gi17447790 respectively). In addition, a second 
gel was run and processed for immunoblotting using antibodies to Drad2l and SA 1, 
these proteins were detected in the insoluble pellet (Figure 2.1 B & Q. Therefore it 
was possible to conclude that Drad2l exists in a complex with SMC1, SMC3 and 
SAl in Drosophila embryo extracts and that Drad2l and SAl appear to be more 
closely associated to one another. 
Specific Depletion of Drad2i By dsRNAi in S2 Cu/lured Cells 
As previously discussed there are no known Drosophila mutant alleles of 
Drad2i, making a genetic analysis of this gene very difficult. However, an 
increasing number of labs have successfully been able to create a genetic depleted 
phenotype utilising dsRNA interference (RNAi) in Drosophila cultured cells 
[Adams, etal. 2001 b, Caplen, etal. 2000, Giet and Glover 2001], more recently 
reviewed in [Maiato, ci al. 20031. I have utilised dsRNAi to analyse the effect of 
Drad2l depletion in Drosophila S2 cultured cells (Materials & Methods 6.1.2). 
The primers used in this experiment were designed to generate a PCR product 
of 650bp, and to incorporate the ATG located in exon one (Primer Table 6.4). In 
order to estimate the depletion of Drad2l from treated cells, the antibody was first 
titred against varying amounts of normal cell extract. It was observed that the 
Drad2l antibody could detect a protein of the predicted size from a minimum of 
lx 10 cells (Figure 2.2A). The untreated and treated cell extracts from various time 
points were then analysed by immunoblotting. The Drad2l protein was depleted in 
the RNAi treated cells as early as 24h, this depletion continued until 96h when the 
protein was barely detectable (Figure 2.213). As the antibody could detect protein in 
as few as 10 cells and 5 x 10 cells were loaded onto each lane, the order of 
depletion was calculated to be ;2t98% by 96h. The number of cells were counted at 
26 
each time point to construct a growth curve of control versus treated cells. I 
observed that although the treated cells seemed to suffer a sharp decrease in 
proliferation at 24h, the population seemed to recover and grow with similar kinetics 
to the controls (Figure 2.2C). The cells were also examined by immunofluorescence 
using the anti-Drad2l antibody and it was observed that the number of cells 
containing detectable Drad2l gradually depleted over time. The images shown 
(Figure 2.2D) are typical for a 60h-time point, when fewer than 8% of cells stain 
positively for Drad2l compared to 92% in the controls. 
Depletion of Drad2 I Results in Abnormal Chromatin and Spindle Morphology 
Cells that had been incubated without RNA, with control dsRNA (generated 
against a random human intron sequence) or with Drad2l dsRNA, were grown on 
poly-L-lysine treated cover slips and harvested at various time points for processing 
by immunofluorescence. The cells were initially examined using antibodies to 
phosphorylated histone H3 (P-143) and a-tubulin. In normal cells, histone H3 
becomes phosphorylated at serinelO at the onset of mitosis when chromatin begins to 
condense. It remains phosphorylated until the chromatin begins to decondense 
during late anaphase and telophase (Figure 23A). On closer examination, a very 
subtle difference was observed between untreated cells and those treated with the 
control dsRNA. In particular the control dsRNA treated cells had a slightly higher 
incidence of anaphase bridges (:5 7.5% compared to :5 2% of control cells in mitosis). 
However a much more striking abnormality was detected in the cells treated 
with Drad2l dsRNA. Both mitotic spindle and chromosome morphology were 
aberrant in that the chromatin appeared abnormally condensed and resembled little 
balls, and the spindles appeared to lack astral microtubules (Figure 2.313). The extent 
of the abnormal phenotype was further characterised by examining cells from 
various time points, and it was observed that the abnormal chromatin and spindle 
defects increased gradually as the detectable levels of Drad2l decreased. The 
percentage of cells staining positively for P-.H3 was scored and it was observed that 
there was a slight increase in the Drad2l depleted cells over time when compared to 
the controls (Figure 2.3C). In addition the percentage of abnormal P-1-13 positive 
cells was also scored (Figure 2.313). The most dramatic change takes place between 
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time points 48 and 72 hours. As a result, the majority of phenotypic analysis was 
carried out on 60-68h samples. 
Cells Exhibiting Abnormal Chromatin Morphology are Cyclin B Positive 
In order to analyse what stage of the cell cycle the cells with abnormal 
chromatin were in, cells were examined for cyclin B levels by immunofluorescence. 
The expression and degradation of cyclin B throughout the cell cycle in Drosophila 
has been previously characterised [Huang and Raff 1999, Whitfield, el at. 19901. In 
brief. cyclin B expression is up-regulated during G2, where it remains in the 
cytoplasm until the nuclear lamina is disassembled at the onset of mitosis. It then 
becomes more localised around the condensing chromatin. During metaphase the 
protein is strongly associated with the mitotic spindle, particularly at the mid-zone 
and can also be observed on the spindle poles. At the metaphase to anaphase 
transition, cyclin B degradation commences at the poles and rapidly ensues along the 
microtubules. As the cell then progresses into anaphase the levels of cyclin B 
become indistinguishable from background (Figure 2.4A). 
When cells were examined, it was observed that the majority (89.7%) of 
Drad2l RNAi depleted cells exhibiting the abnormal chromatin phenotype were also 
cyclin B positive (Figure 2.413 & Q. Furthermore, the cyclin B staining was still 
associated with the mitotic spindle, but the chromosomes had failed to congress. I 
therefore concluded that the majority of cells exhibiting the abnormal chromatin 
phenotype were in prometaphase. The number of Drad2l depleted and control cells 
(no dsRNA or human intron dsRNA) staining positively for cyclin B (Figure 2.4C) 
was also analysed. but there was little difference in this regard. 
Cell Cycle Analysis of Drad2l Depleted Cells 
To further characterise the cell cycle progression in treated and untreated 
cells, the number of cells in the various stages of mitosis were scored by virtue of 
phosphorylated histone H3 and u-tubulin or cyclin B and a-tubulin staining. 
Although the Drad2 1 depleted cells did appear to progress through the cell cycle, 
there was a significantly higher number of cells in prometaphase compared to the 
controls. In the P-H3 I a-tubulin experiment, 69.7% of the Drad2l RNAi treated 
cells were in prometaphase, compared to 33.3% of the un-treated and 31.42% of the 
control RNAi treated cells. In the cyclin B / a-tubulin experiments, 63.5% of the 
Drad2 1 RNAi treated cells were in prometaphase, compared to 40.6% of the non-
treated and 36.1 % of the control RNAi treated cells (Figure 2.413). However, cells 
were observed which exhibited abnormal chromatin morphology and were cyclin B 
negative, but which also appeared to have entered anaphase or telophase as judged 
by spindle morphology. It was concluded that the elevated number of cells in 
prometaphase represents a delay in cell cycle progression, but not an absolute arrest. 
Depletion of Drad2i Results in Premature Sister Chromatid Separation 
As the primary function of Drad2l is to maintain sister chromatid cohesion 
until the metaphase to anaphase transition, it was anticipated that a depletion of this 
protein might result in premature separation of sister chromatids. From the initial 
immunofluorescence experiments it was clear that the chromatin morphology was 
abnormal, but it was not possible to accurately determine whether the sisters were 
separated or still co-joined. To improve the cytology a cytospinning technique 
particularly suited to Drosophila cells was developed by Dr. M-L. Loupart (a post 
doctoral fellow in the Heck lab). This technique provides spectacular visualisation 
of individual chromosomes. The chromosome spreads were labelled with an 
antibody to the Centromere IDentifier protein (CID), which is the fly homologue of 
CENP-A, a known kinetochore component [Blower and Karpen 20011, and an 
antibody to the Barren protein, the fly homologue of the condensin sub-unit CAP-H 
[Bhat, ci al. 19961. In normal and control metaphase cells, CID is detected as two 
dots on each chromatid at the centromere (Figure 2.5A). In anaphase cells, when the 
sister chromatids are pulled towards the poles by kinetochore microtubules, CD is 
located at the leading edge (Figure 2.513). The anti-Barren antibody becomes 
associated with condensing chromatin during prophase, and remains associated until 
the onset of telophase when the chromatin begins to decondense. In the Drad2l 
dsRNAi cells, it was clear that the sister chromatids separated completely and 
appeared to have only one CID spot, although the Barren labelling and level of 
condensation was identical to the control (Figure 2.5C&D). It was concluded that 
Drad2l depletion in S2 cells results in premature sister chromatid separation, but 
does not affect chromosome condensation. The abundance of the Barren protein was 
also analysed by immunoblotting, but there was no detectable difference between 
control or depleted cells (Figure 2.5E). 
Chrornosoina! Passenger Protein INCENP is Mis-localised in Drad2.! Depleted 
Cells 
The dynamic localisation of the chromosomal passenger protein INCENP 
(Inner centromere protein) was originally characterised by Cooke et at. [Cooke, ci al. 
19871. The function of this protein in the chromosomal and cytoskeletal dynamics of 
mitosis has been studied extensively (selected references [Adams, et al. 2001b, 
Adams, et al. 2000, Ainsztein, ci al. 1998, Fowler, ci al. 1998, Kaitna, ci al. 2000, 
Mackay, ci al. 1998, Saffery, ci al. 1999, Wheatley, ci al. 2001a, Wheatley, ci al. 
2001b]. During metaphase INCENP is localised at the inner centromere (Figure 
2.6A), it then transfers to the spindle midzone and cell cortex in early anaphase 
(Figure 2.613), and appears to follow the presumptive cleavage furrow until 
cytokinesis where it forms part of the spindle mid-body (Figure 2.6C). A number of 
other chromosomal passenger proteins have been identified which share similar 
localisation dynamics to INCENP, those are TD-60 [Martineau-Thuillier, ci al. 
19981, Aurora B kinase [Schumacher, et al. 19981, Survivin [Uren, ci al. 2000] and 
more recently Borealin [Gassmann, ci at. 2004a]. These proteins will not be 
discussed further here. 
Immunofluorescence was performed on cells that had been incubated with 
Drad2l dsRNA. The Drad2l depleted cells displayed an intriguing mis-localisation 
of INCENP, in that the protein appears to be stretched between analogous sister 
chromatids (Figure 2.6 D-F). To better visualise the mis-localisation of INCENP 
Professor Bill Earnshaw very kindly offered to capture a "Z-series" of these Drad2l 
depleted cells using the Delta-Vision deconvolution system. This produced a 
stunning image showing the INCENP protein being completely stretched between 
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two CID spots, presumably representing sister centromeres (Figure 2.6G). 
Interestingly a small percentage of the CID spots also appear to be stretched. 
In order to gain a better understanding on the temporal mis-localisation of 
this protein, control and depleted cells were quadruple labelled with cyclin B, 
INCENP, a-tubulin and DAPI. Both INCENP and cyclin B were localised as 
anticipated in the control cells (Figure 2.7 A&B). In the Drad2l depleted cells where 
cyclin B was associated with the spindle (in metaphase), INCENP staining appeared 
to be dispersed throughout the spindle but was not detected at the spindle mid-zone 
(Figure 2.7C). Also, in cells where cyclin B was degraded and the chromatin looked 
abnormal. INCENP was again mis-localised (Figure 2.713). This mis-localisation 
was not due to cross reactivity of the secondary antibodies, because the few normal 
cells that were observed in the Drad21 depleted cultures, exhibited normal INCENP 
localisation (Figure 2.7C arrow-cytokinesis). The level of INCENP protein in 
control and Drad2l depleted cells was also analysed by Western blot, but no 
discernible difference was detected between samples (Figure 2.7E). 
To further investigate the behaviour of this chromosomal passenger protein in 
Drad2 1-depleted cells, cytospun cells were co-stained for a-tubulin and INCENP. 
We determined that cells exhibiting abnormal chromosome morphology and 
INCENP mis-localisation fell into three categories. 1) Cells in which INCENP still 
appeared to be associated with the chromosomes, but the protein appeared to 
decorate a more extensive region of the chromosome than the normal discrete 
centromeric foci (Figure 2.8A: 64%). 2) Cells in which INCENP appeared to be in 
the process of transferring to the spindle, although the chromosomes had failed to 
congress to the metaphase plate (Figure 2.8B: 10%). 3) Cells in which most of the 
INCENP had transferred to the microtubules, but failed to form the typical ring 
around the central spindle normally exhibited by passenger proteins (Figure 2.8C: 
26%). From these data it was concluded that proper spatial and temporal transfer 
from centromeres to the central spindle (a hallmark of the "chromosomal passenger" 
proteins) was dependent on centromeric cohesion of sister chromatids and 
congression to the metaphase plate. However, late in mitosis, INCENP still appeared 
to localise to the central region of the cell. 
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Drad2l Depleted Cells do not Exhibit "Rabl" Orientation. 
As Drad2l depletion in mitotic cells causes premature separation of sister 
chromatids, but does not appear to prevent cell cycle progression, it was considered 
whether this premature separation occurred during prophase as sister chromatids are 
resolving, or, immediately after replication when cohesion would normally be 
established. In order to address this question, the position of centromeric chromatin 
was analysed in a number of control and Drad2 I depleted interphase cells. The non-
random arrangement of chromosomes occurs in post mitotic cells when the nuclear 
lamina re-forms around decondensing separated sister chromatids and results in 
centromeric regions being on the opposite side of the nucleus from the telomeric 
regions. This phenomenon is referred to as "Rabl" or bouquet configuration 
[Comings 1980, Dernburg, 1995 #9571. By capturing a number of images of CID 
labelled cells using a Delta-Vision microscope, the location of the centromeric region 
during interphase could be analysed. This method of imaging provided a projected 
Z-series of data where all the CID spots were visible in the same focal plane. The 
distribution of CID spots in each nucleus was scored on the premise that centromeres 
might lie in close proximity, and that these cells would exhibit a "RabI" 
conformation. It was observed that in 72% (n=32) of control cells, the CID spots all 
appeared to be in the same quadrant of the cell (Figure 2.9A), however only 41% 
(n=37) of Drad2l RNAi treated cells mimicked the control (Figure 2.913). The 
majority of CID spots in the Drad2l depleted cells were therefore more dispersed 
and randomly distributed. In addition, there appeared to be a greater number of CID 
spots in the Drad2l depleted cells compared to the control cells. It was concluded 
that Drad2l depletion appears to disrupt RabI orientation and gives rise to randomly 
dispersed centromeres during interphase. It is also possible that in Drad2l depleted 
cells cohesion does not occur contiguously with replication, giving rise to a more 
random distribution of centromeres. This was not analysed directly. Also, the 
increased number of CID spots in Drad2l depleted cells may represent cells that 
have gone through two or more rounds of mitosis resulting in a highly aneuploid 
state. 
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The Stability of SAl / Scc3 is Dependent on the Presence of Drad2l 
As previously described the cohesin complex is composed of four major 
subunits which in budding yeast are called: SMC1, SMC3. Rad2l/Mcdl/Sccl 
(Drad2l) and Scc3. In higher eukaryotes, the Scc3p orthologue is SAl or SA2 
[Sumara, et al. 2000]. In Xeuopus, XSA1 and XSA2 exhibit sequence similarity to 
Scc3. In Xenopus egg extracts, SA I is more abundant, whereas SA2 constitutes only 
a very minor portion of the protein population. Human cells also have two SA 
genes, but the SA2-type protein is the dominant form in somatic tissue culture cells 
[Losada, el al. 20001. In Drosophila, the Scc3 orthologue is SA 1 [Valdeolmillos, el 
al. 1998], currently there are no known mutations in this gene. 
In exchange for the Drad2l antibody I received an aliquot of the anti-SAl 
antibody from Dr. Ana Valdeomillos in Professor Jose Barbero's lab in Madrid. 
When this antibody was used to probe the Drad2l dsRNAi blot (from Figure 2.213), 
it was observed that when Drad2l is depleted, the level of SAl protein also 
diminishes (Figure 2.10A). As there is no similarity between Drad2l and SAl 
sequences at the nucleotide level this result strongly suggests that the stability of 
SA 1 is dependent on the presence of Drad2 1. 
The Stability of Drad2I Does Not Depend on the Presence of SAl 
In order to establish whether the stability of Drad2l and SAl are mutually 
dependent on one another, the SAl protein was also specifically depleted by 
dsRNAi. The SA I antibody was titred against decreasing amounts of cell extract and 
was able to detect protein in as few as 7.8 x 10 cells (Figure 2. lOB). In a similar 
manner to the Drad2l dsRNAi experiments, the SAl protein was gradually depleted 
over time. This blot was also incubated with the anti-Drad2l antibody, and it was 
observed that the level of Drad2l protein did not diminish over time (Figure 2.I0C) 
suggesting that the stability of Drad2l was not dependent on the presence of SA 1. 
Depletion of SA I Does Not Affect Mitotic Progression 
An analysis similar to that described for Drad2l was carried out on cells 
depleted of SA 1 dsRNA. There did not appear to be any significant differences in 
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cell cycle progression between SAl -depleted and control cells, although the protein 
was barely detectable by immunoblotting at 72 hours (Figure 2.10C). The 
percentage of cells positive for P-.1-13, and the percentage of abnormal mitotic cells 
was scored, however there was very little difference between SAl-depleted and 
control cells (Figure 2.11A&B). SAl depleted cells were cytospun onto poly-L-
lysine slides and incubated with antibodies to CID and Barren. A typical metaphase 
and anaphase figure are shown (Figure 2.11 C). As can be seen, depletion of SAl did 
not appear to affect chromosome morphology or separation of sister chromatids. 
SAl depleted cells were also grown on poly-L-lysine cover-slips and 
incubated with antibodies to P--H3 and a-tubulin. The occasional slight defect was 
observed in some SAl-depleted cells at the very late time points of 96 and 120 hours. 
In those cells, the resolution of chromosomes into distinct chromatids appeared to be 
slightly premature as judged by spindle morphology (Figure 2.IIG). Although 
intriguing, the phenotype was not apparent at 72 hours, present in only 8% of 
abnormal mitotic cells at 96 hours and in 45% of abnormal mitotic cells at 120 hrs. 
The Stability of SMCI Does Not Require the Presence of Either Drad2I or SAl 
In addition, I received a further two antibodies recognising SMC1 and SMC3 
from Dr. Sharon Bickel (Dartmouth College, NH). Theses antibodies were used to 
probe the Drad2l/SA-1 dsRNAi blots. Unfortunately the SMC3 antibody did not 
detect anything (may not have survived transit), however the SMC1 antibody 
detected a band of the predicted molecular weight in all samples (Figure 2.12). 
These data further suggested that the stability of SMC1 was not dependent on the 
presence of either Drad2 I or SA 1. 
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Figure 2.1 Identification of the Cohesin Complex in Drosophila. 
Immunoprecipitation of the cohesin complex from Drosophila embryo extracts using an antibody 
to Drad2l. (A) Coomassie stained SDS-PAGE showing two similar intensity bands of 140 & 
148 kDa, eluted from beads by 2% SIDS, later identified by mass spectrometry to be SMC1 and 
SMC3. (B) Immunoblot showing more Drad2l is on the antibody beads than in the elution 
fractions. (C) Immunoblot showing SAl also enriched in the proteins remaining associated with 
the beads. This work was performed in collaboration with Sue Cottenll, St George's Hospital 
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Figure 2.2 dsRNAi Specifically Depletes the Drad2l Protein in S2 Cultured Cells. 
(A) Determining the threshold of the amount of protein the Drad2l antibody will detect in 
decreasing amounts of cell extract. (B) Efficacy of RNAi was determined by immunoblotting 
treated and control cell extracts over time, 5x1 05 cells were loaded per lane. The Drad2l protein 
level is depleted as early as 24h, until it is almost undetectable at 96h. Actin was used as a 
loading control. (C) Growth curves of cells incubated with no RNA, control dsRNA (random 
human intron) and Drad2l dsRNA, data represents the average of three experiments. (0) anti 
Drad2l staining of control RNAi and Drad2l RNAi cultured S2 cells at 60h. Drad2l staining is 
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Figure 2.3 Drad2l Depletion Results in Abnormal Chromatin and Spindle Morphology. 
Control RNAI (A) and Drad2l RNAi (B) treated cells were grown on poly-L-lysine coverslips for 
68h, then fixed and stained for anti-phosphorylated histone H3 (red), u-tubulin (green) and DNA 
(blue). The various stages of mitosis are shown in the control panels. Potentially analogous 
stages are shown for Drad21 depleted cells (B). (C) Graph depicting the percentage of cells 
staining positively for P-1-13 in each condition at various time points and (D) percentage of P-1-13 
positive cells exhibiting abnormal chromatin morphology. Scale bar represents 5pm. 
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Figure 2.4 Cells Exhibiting Abnormal Chromatin Morphology are Cyclin B Positive. 
Control RNAi (A) and Drad2l RNA1 (B) cells were also grown on poly-L-lysine coverslips for 68h, then 
fixed and immunostained for cyclin B (green), u-tubulin (red) and DNA (DAPI, blue). Various stages of 
mitosis are shown in the inset panels: prometaphase, metaphase and anaphase. The majority of 
Drad2l RNAi cells exhibiting the abnormal chromatin phenotype stain positively for cyclin B. (C) Graph 
depicting the percentage of cells staining positively for cyclin B at 68h and the number of abnormal 
cells that are cyclin B positive. (D) Analysis of mitosis in control and Drad2l depleted cells was using 
P—H3, cyclin B and u-tubulin as markers to determine the stage of mitosis. Both markers show an 
increased number of Drad2l depleted cells in prometaphase. The number of cells counted for P—H3: 
no RNA=2338, control RNA=2060, Drad2l RNA=231 5. The number of cells counted for cyclin B: no 
RNA=1516, control RNA=1 835, Drad2l RNA=1486. 
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Figure 2.5 Depletion of Drad2l Results in Premature Sister Chromatid Separation. 
Control RNAi (A-B) and Drad2l RNAi (C-D) treated cells were grown in six well dishes, then 
harvested and cytospun onto poly-L-lysine slides without hypotonic treatment. The cells were fixed 
and processed for immunofluorescence using antibodies to CID (red) and Barren (green) and 
counter-stained with DAPI (blue). (A) Control metaphase cell where sisters are clearly joined 
together with two Cid spots at each centromere. (B) Control anaphase cell, where sisters have 
separated and are moving pole-ward with centromeres leading. (C&D) Drad2l RNAi metaphase 
cells clearly showing separated sister chromatids containing only one CID spot. (E) Western blot 
comparing the levels of Drad2l and Barren protein in the same cells used for this experiment: 










Figure 2.b Clirornosomal Passenger Protein INCENP is Mis-localised in Drad2l Depleted Cells. 
Control RNA (A-C) and Drad2l RNA (D-F) treated cells were cytospun onto poly-L-lysine slides without 
hypotonic treatment, and processed for immunofluorescence using antibodies to INCENP (red), CID 
(green) and counter-stained with DAPI (blue). INCENP and CID show normal localisation in control 
cells, but do not localise normally in Drad2l depleted cells. (G) Projection through a Drad2l depleted 
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Figure 2.7 INCENP Mis-localisation Occurs in Cyclin B Positive and Negative Cells. 
Control (A-B) and Drad2l depleted (C-D) treated cells were grown on poly-L-lysine coverslips, fixed 
and processed for immunofluorescence using antibodies to INCENP (red), cyclin B (green), u tubulin 
(white) and counter stained with DAR (blue). INC ENP and cyclin B are localised as expected in the 
control cells. In the Drad2l depleted cells INCENP is mislocalised in cells that are cyclin B positive 
(asterisk C), then fails to transfer to the spindle midzone when cyclin B has been degraded (asterisk 
D), but still appears to localise to the midzone during cytokinesis (arrowhead C). Western blot 
showing that the level of INC ENP protein is unaffected by Drad2l depletion (E). 
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Figure 2.8 Characterisation of INCENP Mis-localisation. 
Drad21 depleted cells were cytospun onto poly-L-lysine slides and co-stained with 
antibodies to INCENP (red), ii tubulin (green) and DAR (blue). (A) 64% of cells show 
INCENP still associated with chromatin. (B) 10% of cells in "transition" stage where some 
INCENP still associated with chromosomes but some has transferred to the mitotic spindle. 
(C) 26% of cells show the majority of INCENP has now transferred to the spindle, but fail to 
exhibit the characteristic central spindle staining normally associated with this protein. 
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Figure 2.9 Centromeres Appear Less Clustered in Drad2l Depleted Cells. 
Control RNA (A) and Drad2l RNA (B) treated cells were grown on poly-L-lysine coverslips, 
fixed and processed for immunofluorescence using an antibody to CID (lower panels) and 
counter-stained with DAPI (top panels). Z-series data projection was obtained using the Delta-
Vision deconvolution system. CID distribution was scored by localising to one quadrant of the 
nuclear boundary (yellow circles) or more randomly distributed (schematic). Scale bar 5pm. 
A 24h 	48h 	60h 	72h 	96h 
Oh - C 0 - C 0 - C D -C 0 - C D 
-MUIP 	
Now 




- = no RNA C = control RNAi 0= Drad2l RNAi S = SAl RNAi 
B 
125 62.5 31.3 15.6 7.8 Cells x 104 
SAl 
C 	 SAl RNAi 	 Drad2l RNAI 
Oh 24h 	48h 	72h 	96,h 120h 1 	68h 
 -CS -CS -CS -CS - CS -CD 
SAl 
Drad2l 
-_sj ssijtuS a-tubutin 
Figure 2.10 Drad2l is Required for the Stability of SAl, but not vice versa. 
(A) Immunoblot from figure 2.213 re-probed with an antibody to SAl. When Drad2l is depleted, 
SAl protein level also diminishes. (B) Determining the threshold of the amount of protein the 
SAl antibody will detect in decreasing amounts of cell extract. (C) Immunoblot of control and 
SAl dsRNA treated cells. The SAl protein begins to be depleted at 24h and is almost completely 
depleted by 96h. Samples from a 68h Drad2l RNAi experiment are also shown as a control 
(notice depletion of both proteins marked by *) The blot was additionally probed with the Drad2l 
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Figure 2.11 Depletion of SAl Does not affect Mitotic Progression. 
(A) Graph depicting the percentage of cells staining positively for P-H3 for each condition at each 
time point. (B) Graph depicting the percentage of abnormal P-H3 positive cells for each condition 
at each time point. (C) SAl RNAi cells were cytospun onto poly-L-lysine slides without hypotonic 
treatment. The cells were fixed and processed for immunofluorescence with antibodies to CID 
(red), Barren (green) and counter-stained with DAPI (blue). A typical metaphase and anaphase 
cell are shown. (D) Rare examples of abnormal cells. SAl RNAi cells were grown on poly-lysine 
coverslips for time as shown, fixed and processed for immunofluorescence with antibodies to 
P-H3 (red), u- tubulin (green) and counter-stained with DAPI (blue). 
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Figure 2.12 Stability of SMCI is not Dependent on either Drad2l or SAl. 
Immunoblots probed with antibodies to (A) SMC1, (B) Drad2l, and (C) SAl, against protein extracts 
from cells incubated without dsRNA (lane 
-), 
with control dsRNA (lane C), with Drad2l dsRNA (lane D) 
and SAl dsRNA (S). The anticipated size bands for each protein are marked with arrows. 
SMC1-148 kDa, Drad21-80 kDa, and SA1-120 kDa. 
Drad2 1 Results Discussion 
Analysis of the cellular consequences of depleting the cohesin subunits Drad2I and 
SAl in S2 cultured cells. 
Drad2l is the Drosophila homologue of the cohesin subunit rad2l/Sccl/ 
Mcdl and is required for sister chromatid cohesion. It has been demonstrated that 
Drad2I is in a complex with SMCI, SMC3 and SAI/Scc3 by immunoprecipitation 
from Drosophila embryo extracts. Two prominent high molecular weight bands 
were detected by Coomassie Blue staining and were identified as SMCI and SMC3. 
In addition, immunoblotting analysis revealed that the Drad2l and SAl components 
were present in the pellet containing beads cross-linked to the antibody. Intriguingly, 
there were also a number of smaller, fainter bands on the Coomassie stained gel that 
were not selected for analysis. Potential candidates for these proteins might be PdsS, 
Scc2 and Scc4. It would be interesting to repeat the immunoprecipitation 
experiments to see if these proteins are present or if there are any novel components 
in the Drosophila cohesin complex. 
It has also been demonstrated that the Drad2l protein is specifically depleted 
by dsRNAi as shown by immunoblotting and immunofluorescence. Incubating cells 
with Drad2l dsRNA appears to disrupt the first round of cell division, but the cells 
subsequently recover and grow at similar rates to the controls. The phenotype of 
Drad2l depletion and its effect on cell cycle progression has been analysed by 
immunofluorescence using anti-cc tubulin to assay mitotic spindle morphology, anti-
phosphorylated histone H3 to visualise condensed chromatin and anti-cyclin B to 
identify those cells in G2 to late metaphase. It was observed that Drad2l depletion 
disrupts chromatin and spindle morphology, and that the majority of disrupted cells 
are in prometaphase, as judged by the prevalence of the phenotype in cyclin B 
positive cells. In addition, Drad2l depletion appears to delay cells in prometaphase, 
but does not block the cell cycle in S2 cells. 
By cytospinning control and dsRNA treated cells it has been clearly 
demonstrated that Drad2l depletion results in precocious sister chromatid separation, 
but does not appear to affect chromatin condensation. It was also observed that the 
distribution of CID-positive spots was more random in the Drad2l depleted cells, 
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suggesting that the separation of sister chromatids may occur during S phase as 
chromatids replicate. The effect of premature sister separation on the chromosome 
passenger protein INCENP was also analysed and it was observed that this protein 
was mis-localised. During prometaphase INCENP is normally associated with the 
inner centromeric region, then during late metaphase-immediately before the onset of 
anaphase, the protein transfers to the spindle midzone and eventually follows the 
presumptive cleavage furrow finally ending up at the spindle mid-body at the end of 
cytokinesis. In the Drad2l depleted cells, this is not the case. INCENP is detected at 
the centromeric region, however the protein appears to decorate a much larger region 
of the chromatid than would normally be anticipated, suggesting that the defined 
localisation of INCENP to the centromere is dependent upon proper sister chromatid 
cohesion. INCENP still appears to transfer onto the spindle in Drad2 1 depleted cells, 
but is never seen at the mid-zone. This may be attributed to the inability of 
individual chromatids to form bipolar spindle attachments, thus proper alignment at 
the metaphase plate never occurs in Drad2l-depleted cells. As cells with abnormal 
chromatin morphology, lacking cyclin B and with an elongated spindle are observed, 
it had been concluded that the various anaphase-promoting checkpoints are fulfilled. 
However, we have not directly addressed this hypothesis, but further analysis of 
Drad2l depleted cells by staining with Mad2 or Buhl should resolve this question. 
Although there are similarities between the effects of "knocking-out" Sccl in 
chicken DT40 cells ISonoda, 2001 #25 11 and the effects of depleting the Drad2l 
protein in Drosophila, the analysis of the SAl protein remains a novel aspect of this 
work. In cells that were depleted of Drad2 I, it was observed that the stability of the 
SA 1 protein was compromised. However, in the converse experiment where the 
SAl protein was specifically depleted the levels of Drad2l remaining unaltered. 
This suggests that the stability of SAl is dependent upon Drad2l but not vice versa. 
In addition the SAl depleted cells were subjected to rigorous analysis but no 
significant defect was detected. Only a very subtle phenotype was detected at 
extremely late time points. As previously discussed there are two forms of SA 
protein in Drosophila: SAl and SA2. SA2 protein has been reported as being 
meiosis specific (Dr. B. McGhee unpublished observations). It may be possible that 
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in the absence of SA 1, SA2 acts as a functional orthologue thereby compensating for 
SAl function. It is also possible that depletion of SAl results in a delay or 
accumulation of cells in S phase. Neither of these hypotheses was tested directly, but 
may be worthy of further investigation. 
Further to this analysis, an antibody to the SMCI component of the cohesin 
complex was obtained and the level of this protein in both Drad2l-and SAl -depleted 
cells was analysed. There did not appear to be an effect on the level of this protein 
(as judged by immunoblotting) in either condition. It was not possible to analyse the 
localisation of this protein due to insufficient quantities of the reagent. 
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Chapter 3 Analysis of Drad2l Transient Transfections 
Cleaving Cohesin 
In addition to the characterisation of the cohesin complex, I was also 
involved in analysing the effect of transiently transfecting S2 cells with various 
forms of cleavable and non-cleavable Drad2l. As previously described, the protease 
Separase cleaves Rad2l/Sccl at specific sites conserved from yeast to humans. The 
consensus for the cleavage site is "ExxR". In S. cerevisiae, two potential cleavage 
sites were identified (see Table 3.1) and mutated. Neither the single-mutant proteins 
nor the wild-type protein greatly affected cell proliferation, but expression of the 
double-mutant protein was lethal, and biochemical analysis showed that Sccl was no 
longer cleaved [Uhlmann, et at. 19991. A similar analysis was carried out on S. 
potnbe Rad2l, which also contains two potential cleavage sites (see Table 3.1). 
Neither the wild-type protein nor the single mutant proteins (R179E, R231E) 
affected cell proliferation when Rad2 1 was synthesized under the inducible promoter 
by depleting thiamine from the media. In contrast, over-expression of the double 
mutant Rad2l (R179E & R231E) using the same inducible promoter became lethal. 
Sister chromatid separation was blocked in cells expressing the double mutant 
Rad2l, even though the degradation of Cut2/Securin took place normally (the 
indication of cell cycle progression into anaphase [Tomonaga, ci al. 2000]). 
Table 3.1 Separase Cleavage Sites 
Wild type Non-cleavable 
S. cerevisüe Sccl 174-TALEVGRRF -182 174-TALEVGDRF -182 
262-NSVEQGRRL -270 262-NSVEQGDRL -270 
S.pornbe Rad2l 173-LSIEAGRNA -181 173-LSIEAGEWA -181 
225-ISIEVGRDA -233 225-ISIEVGEDA -233 
H. sapiens Rad2l 169-DDREIMREGS-172 169-DDERIMEEGS-172 
447-IIEEPSRLQE-450 447-IIERPSELQE-450 
D. tnelanogaster Drad2l 169-ETPEIIRC -176 169-ETPEIIAC -176 
469- APEVLRAN -476 469-APEVLAGN -476 
D. inelanogaster Rec8 426- SVERGRK -432 426- SVRRGEK -432 
448- SHEYGRK -454 448- SLEQGER -454 
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Table 3. 1. Cleavage by Separase occurs following the Arginine (bold) at the 0 position. The invariant 
Glutamic acid (underline) at position —3 is indicated. Changes introduced to create non-cleavable 
mutants are shaded in grey. 
In human cell lines expressing non-cleavable Rad2l, proliferation was slower 
than lines expressing the wild type or single-site mutations. Immunofluorescence 
microscopy suggested that most cells expressing wild-type Rad2l completed mitosis 
and cytokinesis normally, whereas multiple mitotic abnormalities were seen in cells 
expressing non-cleavable (double mutant) Rad2l [Hauf, etal. 2001J. 
In Drosophila it was observed that over expression, utilising the UAS-GAL4 
system, of non-cleavable R175A Drad2l has no effect at the phenotypic level. Over 
expression of the second cleavage mutation (RA474AG) and of the 'double mutant' 
(175+474) resulted in rough eye phenotypes synonymous with increased cell death. 
Indeed over expression of either the RA474AG mutation or the double mutant 
Drad21 form early in development resulted in lethality and tissue specific expression 
(in non-essential organs) resulted in reduction of the tissue in the adult fly. All of 
these over expression studies were performed in a wild-type background and, 
therefore, in the presence of endogenous Drad2l (personal communication of 
unpublished data from R. Keall). 
Dissolution of Cohesion During Meiosis 
Mutations that abolished cleavage solely at the 431 site (428R43 I E) or at the 
453 site (453E) (see Table 3.1) of Rec8 do not appear to affect meiotic divisions, 
efficiency of sporulation, or viability of spores produced, even when the mutations 
were homozygous; that is, when the mutant proteins were the only form of Rec8 
made by the cell. In contrast, mutation of both sites (428R431E + 453E, called 
REC8-N) completely blocked both meiotic divisions, even when heterozygous 
[Buonomo, el al. 20001, suggesting that cleavage at both sites is required for 
complete dissolution of sister chromatids. 
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Aims of this chapter: 
To establish the optimum conditions required to transiently transfect Drosophila S2 
cells. 
To analyse the cellular consequences of transiently transfecting Drosophila S2 cells 
with various constructs, specifically designed to prevent cleavage of Drad2l by the 
proteolytic enzyme separase (SSE). 
Analysis of Drad2I Cleavage Mutants by Transient Transfection 
Experimental Design 
This work was performed in collaboration with Rebecca Keall, a post-
graduate student in Dr. Bill Warren's lab (James Cook University, Townsville, 
Australia). Rebecca visited our lab for one month in 2004 and we worked together to 
analyse the effect of transiently transfecting S2 cells with various Drad2l constructs. 
As previously discussed it is the specific cleavage of Rad2l/Mcdl/Scclp by 
the protease separase/SSE/Cut 1 p  that brings about separation of the sister chromatids 
at the metaphase to anaphase transition. The seminal work carried out by Uhlmann 
and others [Uhlmann, ci al. 19991 established that there were two specific target sites 
in the budding yeast Scclp sequence. When the target sites were mutated 
individually there was no specific defect. However, the double mutation was lethal 
and biochemical analysis showed that Scclp was not cleaved. The consensus motif 
cleaved by Separase appears to be ExxR in Scclp (S. cereviiae), rec8p IBuonomo, 
ci al. 20001. rad2lp (S. pombe) [Tomonaga, ci al. 2000] and Rad2l (H. sapiens) 
[Hauf, ci al. 2001]. 
There are three such potential cleavage sites in the Drad2l sequence. In 
order to ascertain which of these sites are essential for cleavage of this protein a 
number of mutated constructs were generated by site-directed mutagenesis 
(Materials & Methods 6.2.1). At the time of performing this work, we were only 
able to analyse the two most highly conserved cleavage sites (it was not possible to 
analyse the third potential site due to cloning difficulties). However, five constructs 
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were obtained as follows: pUAST Drad2l-GFP (wild type full length), pUAST 
R175A (N-terminal site mutated), pUAST RA474AG (C-terminal site mutated), 
pUAST RA474AG-GFP and pUAST R175A + RA474AG (both Sites mutated). 
Expression of these constructs was driven by the co-transfection of either actin-
GAL4 or ubiquitin-GAL4. Transfection efficiency was scored by the expression of 
pUAST mouse CD8 —GFP. Initial experiments were carried out to ascertain the 
optimum concentration of DNA required for maximum transfection efficiency over 
time (for raw data see appendix). These were found to be 1.2J4g of DNA (in total) 
over the course of 48-72 hours. The experimental design is shown in Table 3.2 
below. 
Table 3.2 E.perinental Design 




1 pUAST Drad2l-GFP ubiquitin-GALA + FL-GFP+CD8U 
2 pUAST R175A ubiquitin-GALA + R157A+CD8U 
3 pUAST RA474AG ubiquitin-GAL4 + RA474AG+CD8U 
4 pUAST RA474AGGFP ubiquitin-GAL4 + RA474AG-GFP+CD8U 
5 PUAST Ri 75A+RA474AG ubiquitin-GAL4 + RI 75A+RA474A0+CD8U 
6 No DNA Control No DNA 
7 - ubiquitin-GAL4 + Control CD8U 
8 - actin-GALA + Control CD8A 
9 pUAST RA474AGGFP ubiquitin-GALA - Control RA474AG-GFP-U 
10 pUAST Drad2l-GFP actin-GAL4 + FL-GFP+CD8A 
11 pUAST R175A actin-GAL4 + R157A+CD8A 
12 pUAST RA474AG actin-GAL4 + RA474AG+CD8A 
13 pUAST RA474AGGFP actin-GALA + RA474AG-GFP+CD8A 
14 pUAST R175A+RA47AG actin-GAL4 + R175A+RA474AG+CD8A 
Analysis of Transiently Transfecied Cells 
The cells from each condition were harvested, counted and analysed by 
immunofluorescence and immunoblotting. The growth curves (Figure 3.1) show that 
all cells grow with similar kinetics to the no DNA control (experiment 6) until 24 
hours. The majority of cells continue to grow with similar kinetics to all the 
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transfected control groups (CD8-U [7], CD8-A 181, & RA474AG-GFP-U 191) from 
the 48 hour to the 72 hour time points. However, there were a few notable outliers, 
all cells co-transfected with the actin-GAL4 driver appear to grow slightly better than 
the controls. The only exception to this is the FL-GFP+CD8-A (experiment 10). 
The growth curve for these particular cells drops below all of the controls at 48 
hours, but then appears to recover at 72 hours. It was concluded that all transfection 
conditions permitted growth and would therefore provide suitable material for further 
analysis. 
Analysing Expression of Drad2 1 Constructs 
Whole cell protein extracts were made from each condition and time point 
and analysed by immunoblotting. A band of 80kDa representing the endogenous 
Drad2l was detected in all experimental conditions at the 24-hour time point Figure 
3.2A). A higher band of --106kDa represented the Drad2l-GFP tagged fusion 
constructs (FL-GFP+CD8-U/A [1 & 10], RA474AG-GFP+CD8-U/A 14 & 131 and 
control RA474AG-GFP-U [9]). This result confirmed that it was possible to drive 
expression of the GFP-tagged fusion constructs. When the level of Drad2l in the 
control experiments (6, 7, 8. & 9) was compared to those cells transfected with the 
mutated, but non GFP-tagged Drad2l constructs (R175A+CD8-U/A 12 & 111, 
RA474AG-i-CD8-U/A [3 & 121, R175A + RA474AG+CD8-U/A 15 & 141), it was 
apparent that there was an increased amount of Drad2l protein in these mutated 
lines. This result confirmed that it was possible to drive expression of the mutated 
Drad2 I constructs. 
By 48 hours (Figure 3.213), it appeared that the ectopically-expressed Drad2I 
protein was more abundant than the endogenous protein, (compare control 
experiments 6, 7 and 8 with all other experimental conditions). This further 
confirmed that expression of the mutated and tagged Drad2l construct was 
successful. At 72 hours (Figure 3.2C), expression of the ectopic constructs was still 
detected however, the levels were similar to that of the endogenous protein. 
Curiously, an additional band of approximately 52kDa was detected in the 48h and 
72h samples where the cells had been transfected with either the R175A or the 
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R175A+ RA474AG constructs. This band will be discussed further at the end of this 
chapter. 
Transformation Efficiency 
The cells destined for analysis by immunofluorescence were cytospun (as 
Materials & Methods 6.1.5), fixed in para-formaldehyde, and incubated with an 
antibody to phosphorylated histone H3. In this way, the GFP-positive cells could be 
scored and the transformation efficiency for each condition could be determined. As 
can be seen (Figure 3.3) all experimental conditions gave rise to GFP-positive cells 
(excluding No DNA control experiment 6). The percentage of GFP-positive cells in 
each condition rose over the time course of the experiment from an average of 5-
10% at 24 hours to between 15-35% at 48 hours. The transformation efficiency then 
levelled off to between 20-30% at 72 hours. The experimental data sets that are 
missing from figures 3.2-3.9 were due to contamination of the original samples. 
Mitotic Analysis 
The mitotic index was also determined for each condition by virtue of the 
P-1-13 staining (Figure 3.4). The no DNA control experiment (6) was used as the 
base level for this analysis as these cells were not exposed to any transfection DNA 
plasmids. At 24 hours experimental conditions FL-GFP+CD8-U (1), 
RA474AG+CD8-U (3) and RA474AG-GFP+CD8-U (4) displayed a similar mitotic 
index to the no DNA control (6) (5%) all other condition exhibited a slightly lower 
mitotic index (2.9-3.8%) (Figure 3.4A). At 48 hours, most conditions (except 
RA474AG+CD8-A [121 and RA474AG-GFP+CD8-A 1131),  showed a slight 
decrease in mitotic index as compared to the no DNA control (6) (4.2%). The 
average mitotic index was now spread over 2-4%, a slightly broader margin than was 
observed at the 24-hour time point (Figure 3.413). At 72 hours, all conditions 
displayed a lower mitotic index than the no DNA control (6) (4.8%), the average 
now being between 2.9-4.2% (Figure 3.4C). These data suggested that transient 
transfection of S2 cells with any construct appears to reduce the number of cells 
entering mitosis, as compared to the no DNA control. As the percentage of cells still 
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entering mitosis does not appear to be significantly lower than the no DNA control, 
we concluded that transient transfection does not inhibit or delay mitotic progression. 
In addition to the mitotic index, the particular stage of mitosis was also 
scored for each transfection condition at each time point (Figure 3.5). The purpose 
of this analysis was to detect any delay or accumulation in a particular stage of 
mitosis. However, when all data sets were compared to the controls, there did not 
appear to be any particular difference among the data sets analysed. 
Analysis of Abnormal Cells 
Although the mitotic index and distribution analysis suggested that the cell 
cycle was progressing in the transfected cells, it was observed that some cells 
exhibited abnormal phenotypes. These abnormal cells were further analysed and 
split into two categories: those cells that were GFP-positive (Figure 3.6) and those 
cells that were P-H3-positive or negative (Figure 3.7). Each category was scored for 
the percentage of abnormal phenotypes observed under each experimental condition. 
The abnormal phenotypes were further split into four categories. For the GFP-
positive cells, the most prevalent abnormal categories included: fragmented nuclei, 
DNA that appeared to be condensed but was P-H3 negative, very large nuclei and 
failure to properly segregate sister chromatids (Figure 3.8). For the PH3 positive 
cells, the most prevalent abnormal categories included: segregation defects, 
chromatids that appeared to be prematurely disjoined, abnormal chromatin 
condensation and a final category referred to as "prometaphase explosion", where the 
PH3 staining appeared to decorate the nuclear membrane in addition to the 
chromatin (Figure 3.9). Figures 3.10 and 3.11 depict examples of each of these 
abnormal phenotypic abnormalities as observed for GFP-positive and P-H3-positive 
cells respectively. Although these phenotypes were initially intriguing, it was 
observed that each of the abnormal cell types was also observed in the control 
experiments. Furthermore, there did not appear to be any correlation between a 
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Figure 3.1 Ectopic Expression of Drad2l Cleavage Mutants Growth Curves. 
For details of each experimental condition see table 2.1 below. Briefly, various Drad2l constructs 
were co-transfected with ubiquitin-GAL4 + pUAST mouse CD8-GFP (green). Various Drad2l 
constructs were co-transfected with actin-GAL4 + pUAST mouse CD8-GFP (blue). Controls (red). 
Table 3.2 




1 pUAST Drad2I-GFP ubiquitin-GALA + FL-GFP+CD8U 
2 pUAST R175A ubiquitin-GALA + R157A+CD8U 
3 pUAST RA474AG ubiquitin-GAL4 + RA474AG+CD81 J 
4 pUAST RA474AGGFP ubiquitin-GAL4 + RA474AG-GFP+CD8U 
5 PUAST R175A+RA474AG ubiquitin-GAL4 + R175A+RA474AG+CD8U 
6 No DNA - - Control No DNA 
7 - ubiquitin-GAL4 + Control CD8U 
8 - actin-GAL4 + Control CD8A 
9 pUAST RA474AGGFP ubiquitin-GAU4 - Control RA474AG-GFP-U 
10 pUAST Drad2l-GFP actin-GAL4 + FL-GFP+CD8A 
II pUAST R175A actin-GAL4 + R157A+CD8A 
12 pUAST RA474AG actin-GAL4 + RA474AG+CD8A 
13 pUAST RA474AGGFP actin-GAL4 + RA474AG-GFP+CD8A 
14 pUAST R175A+RA47AG actin-GAL4 + R175A+RA474AG+CD8A 
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Figure 3.2 Expression of the Drad2l Fusion Constructs. 
Immunoblots of cell extracts transiently transfected with various Drad2l constructs 
(see table 3.2 for details) at 24h (A), 48h (B), and 72h (D). Each blot was incubated with 
the anti-Drad2l antibody, which detects both the full length and GFP tagged proteins. 
The amount of protein detected in lanes 6, 7 and 8 was deemed to represent the endogenous 
level of protein as these control samples do not contain any fusion constructs. 
Sample 1 at 72h became contaminated and is not represented in blot D. 
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Figure 3.3 Transformation Efficiency as Determined by GFP-Positive Cells. 
Cells from each experimental condition (see table 3.2) were cytospun onto poly-L-lysine slides, 
fixed and processed for immunofluorescence. The percentage of GFP-positive cells were 
scored at 24h (A), 48h (B), and 72h (C). On average, 1800 cells were scored for each sample. 
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Figure 3.4 Mitotic Analysis as Determined by P-1-13 Positive Cells. 
Cells from each experimental condition (see table 3.2) were cytospun onto poly-L-lysine slides, 
fixed and processed for immunofluorescence. The percentage of P-1-13 positive cells were 
scored at 24h (A), 48h (B), and 72h (C). On average, 1600 cells were scored for each sample. 
Symbol represents samples that became contaminated and are not represented. 
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Figure 3.5 Mitotic Distribution. 
Cells from each experimental condition (see table 3.2) were cytospun onto poly-L-lysine slides, 
fixed and processed for immunofluorescence. The percentage of cells in each stage of mitosis 
were scored at 24h (A), 48h (B), and 72h (C). On average, 1800 cells were scored for each 
sample. 
Symbol represents samples that became contaminated and are not represented. 
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Figure 3.6 Percentage of GFP-Positive Cells Displaying Abnormalities. 
Cells from each experimental condition (see table 3.2) were cytospun onto poly-L-lysine slides, 
fixed and processed for immunofluorescence. The percentage of abnormal GFP-positive cells 
were scored at 24h (A), 48h (B), and 72h (C). 
GSymbol represents samples that became contaminated and are not represented. 
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Figure 3.7 Percentage of P-1-13 Positive Cells Displaying Abnormalities. 
Cells from each experimental condition (see table 3.2) were cytospun onto poly-L-lysine slides, 
fixed and processed for immunofluorescence. The percentage of abnormal P-1-13 positive cells 
were scored at 24h (A), 48h (B), and 72h (C). 
® Symbol represents samples that became contaminated and are not represented. 
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Figure 3.8 Distribution of Abnormal Categories Observed in GFP-Positive Cells 
Cells from each experimental condition (see table 3.2) were cytospun onto poly-L-lysine slides, 
fixed and processed for immunofluorescence. The percentage distribution of abnormal 
Aft 
GFP-positive cells were scored at 24h (A), 48h (B), and 72h (C). 
QP Symbol represents samples that became contaminated and are not represented. 
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Figure 3.9 Distribution of Abnormal Categories Observed in P-1-13 Positive Cells 
Cells from each experimental condition (see table 3.2) were cytospun onto poly-L-lysine slides, 
fixed and processed for immunofluorescence. The percentage distribution of abnormal 
P-1-13 positive cells were scored at 24h (A), 48h (B), and 72h (C). 







































Figure 3.10 Examples of Abnormal Categories Observed in GFP-Positive Cells 
Cells from each experimental condition (see table 3.2) were cytospun onto poly-L-lysine slides, 
fixed and processed for immunofluorescence. Merged images show GFP-positive cells 
(green), P-1-13 (red), DAR (blue). Panels on the right shown DNA alone. 
The examples shown came from (A) 24h FL-GFP+CD8 A, (B) 24h R175A+RA474AG +CD8LJ 


























Figure3.11 Examples of Abnormal Categories Observed in P-1-13 Positive Cells 
Cells from each experimental condition (see table 3.2) were cytospun onto poly-L-lysine slides, 
fixed and processed for immunofluorescence. Merged images show GFP-positive cells 
(green), P-1-13 (red), DAR (blue). Panels on the right shown DNA alone. 
The examples shown came from (A), 48h R175A-4-RA474AG +CD8 U, (B) 24h 
R175A-'-RA474AG +CD8 U, (C) 24h No DNA Control, and (D) 48h R175A-i-RA474AG +CD8 A. 
Drad2l Transient Transfection Results Discussion 
Analysis of Drad2 I Cleavage tnula?fls by Transient Tran.sfeciion 
In an attempt to gain a better understanding of the specific cleavage 
requirements that bring about the effective separation of sister chromatids in 
anaphase, a series of Drad2l mutant constructs were generated. Drad2l is 
exclusively cleaved by the proteolytic enzyme separase (SSE in Drosophila) and the 
cleavage sites appear to be highly conserved. A number of control experiments were 
carried out to ascertain the optimal DNA concentration with respect to the 
transfection efficiency. These data were used to design the experimental conditions 
for analysing the effect of transiently transfecting S2 cells with either a wild type 
GFP-tagged version of Drad2l or with one of the four mutant constructs. Expression 
of GFP was induced by co-transfecting the various Drad2I constructs with a mouse 
pUAST CD8-GFP tag and either an ubiquitin-GALA, or an actin-GAL4 driver. In 
total, fourteen different experimental conditions were analysed over three days. The 
cells were harvested at daily intervals and processed for immunoblotting and 
immunolluorescence. When the number of cells was counted at each time point only 
two conditions displayed a slight difference from the controls. These were ptJAST 
RA474AG-GFP + ubiquitin-GAL4 (experiment 4) which appeared to grow slightly 
better than the controls and pUAST R175A + actin-GAL4 (experiment 10), which 
dipped in cell number at 48 hours but then appeared to recover and grow with similar 
kinetics to the controls. 
When the cell samples were analysed by immunoblotting with an antibody to 
Drad2l, it was clear that the transfected constructs were being expressed. In 
particular, this expression was most obvious at 48 hours when there was 
considerably more Drad2l protein detectable in the experimental conditions as 
compared to the controls. The appearance of a band running at approximately 52kDa 
was detected in the 48h and 72h samples where the cells had been transfected with 
either the R175A or the R175A+ RA474AG constructs. Initially, it was assumed 
that this band represented an accumulation of a cleavage product, however closer 
scrutiny cast doubt on this assumption. The antibody to Drad2l was raised against 
amino acids 482-702. Therefore, it should only recognise the C-terminus cleavage 
product. However, this band is seen in the extracts from cells transfected with the N-
terminus mutated construct (and the double mutant version), and should therefore not 
be detected by the antibody. An alternative explanation for the appearance of this 
band could be that the inhibition of cleavage at this particular site may be exerting a 
dominant negative effect on cleavage (or degradation) of the endogenous protein, 
resulting in an accumulation of this cleavage product. 
The number of GFP-expressing cells (indicative of successful transfection) 
also significantly increased after 48 hours. The cells transfected with the actin-
GAL4 driver plasmids appeared to have an increased transfection efficiency as 
compared to those transfected with the ubiquitin-GAL4 plasmid. By 72 hours, the 
percentage of cells expressing ubiquitin-GAL4 had increased slightly, and the 
number of cells expressing actin-GALA had decreased slightly. There did not appear 
to be any individual experimental condition that gave a significantly higher or lower 
level of expression. 
Concurrently, the percentage of cells in mitosis, as well as the particular stage 
of mitosis was also scored. It was apparent that transient transfection of S2 cells 
with any construct did not impede the ability of the cells to enter mitosis, nor was 
there a delay or an accumulation of cells on any particular stage of mitosis. 
The transfected cells were also analysed for any cellular abnormalities. It 
was anticipated that there might be an increase in the appearance of chromatin 
bridges or segregation defects in those lines expressing un-cleavable Drad2l. 
However, this was not the case. Although cells exhibiting segregation defects were 
observed, they were also observed in the control samples at similar frequencies. This 
was particularly disappointing as the analysis was very time consuming, but may be 
attributed to the fact that this experiment was performed in the presence of 
endogenous Drad2l and that the endogenous protein could be preferentially recruited 
to chromosomes. Furthermore, as so many defects were detected in the control cell 
population, it is possible that obtaining a clear-cut analysis in this manner may not be 
the best approach. It would be interesting to examine the effect of expressing non-
cleavable Drad2l in a Drad2l-depleted background. This would establish if the 
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mutated constructs are able to rescue the premature sister segregation defect, and 
also permit examination of the effect of the mutated construct. 
Furthermore, the ability to detect whether the cleavage of the Drad2I 
constructs by SSE was abrogated (other than by phenotypic analysis) was out-with 
the realms of this assay. In order to analyse the ability of SSE to cleave the Drad2l 
constructs bio-chemically, it would be necessary to perform an in vitro translation 
assay. In addition, it would be necessary to tag the Drad2 I constructs in such a way 
that the efficient cleavage (or non-cleavage) of this protein could be detected by 
immunoblotting. It should be noted that this analysis was based on only one data set 
as there was insufficient time to repeat the experiment. Although great care was 
taken to keep all potential variables to a minimum, there is no substitute for 
repetition. 
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Chapter 4 Analysis of Tis2 
Cohesion and Centromeric Heterochromatin 
Currently, one of the unanswered questions of chromosome biology is how 
does the association of cohesin at the centromere differ from that of the chromosome 
arm. To address this question, we must first consider the differences in the 
chromatin environment at the centromere and on the chromosome arm. The 
combination of having a relatively complex centromeric structure (similar to that 
observed in higher eukaryotes) and powerful genetics makes S. poinbe one of the 
best model systems in which to study this problem. The three centromeres of this 
organism encompass 35-1 10 kilobases of DNA, and are organised into two distinct 
domains: the central core domain which contains the centromere specific histone H3 
variant, (Cnpl or CENP-A), and the large inverted repeat domains that are further 
subdivided into the outer (otr) and inner (inr) regions which flank either side of the 
central core (reviewed in [Pidoux and Allshire 2004]). Histone H3 of the outer 
repeats is specifically methylated on lysine 9, by the methyl transfe rase C1r4 (Su 
(var)3-9 in Drosophila) [Nakayama, et al. 2001, Rea, el al. 2000] which in turn 
permits the association of Swi6 (heterochromatin protein-i [HP!]). Both Swi6 and 
the methylase activity of C1r4 are required for transcriptional silencing at the 
centromere and for efficient segregation of sister chromatids IPidoux, et al. 20001. 
Of particular interest was the observation that sister chromatids have difficulty 
separating and appear to get stuck in the middle of swiO and clr4 mutant cells, 
suggesting that segregation function was aberrant. In addition the recruitment of 
cohesin to the centromeres of fission yeast depends on the presence of Swi6 and C1r4 
IBernard, el al. 2001, Nonaka, et al. 20021. It has also been demonstrated that swió 
mutant cells arrested in metaphase by inactivation of Cu19 lack centromeric 
cohesion, but not cohesion along the chromosome arms. However, when a similar 
experiment was performed in a rad2l-K1 (temperature sensitive) background the 
chromosomes separated completely [Bernard. etal. 20011. This further supports the 
requirement of Swi6 for the recruitment of centromeric cohesins. It should be noted 
that Swi6 is also present at the mating type locus in fission yeast and at the 
telorneres, and appears to be required for the recruitment of cohesin to these regions 
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[Nonaka, ci al. 2002]. However, in higher eukaryotes the majority of cohesin is 
liberated from the chromosome arms, including the telomeres, in prophase 
suggesting that there are specific differences between the interaction of telomeric 
Swi6 and centromeric Swi6 with the cohesin complex. 
Characterisation of a Novel Centromeric Protein 
One method to examine the differences of centromeric versus telomeric 
heterochromatin is to analyse the proteins that are specifically found at the 
centromere, but appear to be absent from the telomeres. One such protein was 
isolated in a two-hybrid screen of S. poinbe (carried out in Professor Robin Allshire's 
lab, University of Edinburgh) proteins that associated with Swi6. This protein was 
called "Two hybrid Interactor with Swi6" or Tis2. Mutants in this protein were 
found to be viable, but exhibited lagging chromatids during mitosis and were 
sensitive to the microtubule poison thia-bendazole. In addition, Tis2 was also shown 
to be required for the recruitment of the cohesin subunit Rad2l to the centromere 
(Antonelli, Minc, Teunissen and Allshire, unpublished observations). Furthermore, a 
GFP-tagged version of this protein was found to localise to the centromere. The wild 
type gene encodes a putative 948-aa protein (NP_588 I 88/gi_1 9075688) that contains 
a highly conserved motif at the N-terminus. This motif is called ajumonji-C (jmjC) 
domain, a motif initially observed in mammalian jumonji retinoblastoma binding 
protein-2, and Smcx proteins ITakeuchi, el al. 19951. Currently 134 jmjC-domain 
containing proteins have been identified in higher eukaryotes. Intriguingly, the 
human gene encoding hairless which contains a jmjC domain, is disrupted in 
individuals suffering from alopecia universa!is [Balciunas and Ronne 2000, Clissold 
and Ponting 2001]. Many proteins containing jmjC domains also contain DNA 
binding domains such as PHD and Zinc finger domains suggesting a potential role in 
chromatin remodelling for these proteins. 
In an independent screen for mutations that promote silencing beyond the 
mating type locus in S. poinbe, a novel gene (epe-1) was isolated [Ayoub, ci al. 
20031. Epe-1 also contains a jmjC domain and was found to be required for the 
stability of heterochromatin. Sequence analysis revealed that iis2 and epe-1 encode 
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the same protein. BLAST searches against the non-redundant protein database 
revealed that Tis2/Epe-1 appeared to be a conserved protein with identifiable 
homologues in Hoino sapiens, Mus inusculus, Raitus norvegicus. Drosophila 
nelanogaster, Drosophila pseudoobscura, Anopheles ga?nbiae, Apis nellifèra, 
Caenorhahditis elegans and Saccharo,nyces cerevisiae. The highest level of 
conservation in all of these proteins was over the jmjC domain. Intriguingly, the 
proteins from higher eukaryotes also contain a CxxC zinc finger and an F-box 
domain. The CxxC domain is a Zn finger regulatory domain found in many DNA 
methyltransferases, and other proteins thought to be involved in chromatin 
remodelling. The F-box proteins are known to form an SCF complex, comprised of 
Skpl, Cullin and the F-box containing protein. The F-box protein is linked to the 
SCF complex via interactions between the F-box and SkpI. A ubiquitin conjugating 
enzyme (Ubc) binds to the SCF complex and transfers ubiquitin onto substrates 
bound by the F-box protein. When the substrate becomes poly- ubiquitinated it is 
degraded by the 26S proteosome [Kipreos and Pagano 20001. This strongly suggests 
that Tis2/Epe-1 related proteins are involved in protein degradation, and may 
themselves be degraded at a specific time during the cell cycle. However, it should 
be noted that the yeast proteins do not contain the F-box domain. 
Characterisation of Tis2 in Drosophila 
The second part of my thesis work involved the characterisation of the 
Drosophila Tis2 homologue. We have generated and obtained a number of reagents 
to study this protein in flies. These include peptide antibodies raised against peptide 
sequences at the N- and C-terminus of the protein, and eight "EP" P element fly lines 
that are located within the Tis2 genomic region. The gene is located on the right arm 
of chromosome III at position 85C3-4; it is comprised of 5 exons spanning 9.6kb and 
encodes an mRNA of 4309 nucleotides. This in turn encodes a protein of I 368aa 
giving rise to a protein with a predicted molecular weight of l48kDa. Three ESTs 
were identified in the database; SD2246, which represents the full-length eDNA, 
5D4170, which is missing a small portion of the 5' UTR and SD2 130, which is 
missing a portion of the 3' end. These ESTs were used to generate a tagged version 
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of the protein which in turn was utilised in an attempt to isolate various interacting 
proteins. 
I have performed various biochemical and genetic analyses in order to gain a 
better understanding of the localisation and potential function of this protein in 
Drosophila. Although the exact function remains elusive, interesting data regarding 
the specific localisation requirements for this protein have been obtained. 
Aims of this chapter: 
To further analyse the Drosophila Tis2 homologue by both biochemical and genetic 
approaches. 
To examine the cellular consequences of depletion of Tis2 by dsRNAi. 
To identify potential Tis2 interacting proteins by immunoprecipitation. 
To examine the developmental consequences of Tis2 depletion in various fly lines 
containing EPI P1 element insertions within the Tis2 locus. 
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Analysis of Tis2 Results 
Identification of Tis2 in Drosophila 
Sequence analysis of the S. pombe protein (gi_ 19075688) by BLAST allowed 
a number of putative homologues from higher organisms to be identified. These 
sequences have been aligned using the PRALINE algorithm and the highest level of 
conservation is over the JumonjiC domain (see Appendix for full amino acid 
alignment). Both the fission and budding yeast proteins are smaller than those in the 
higher eukaryotes, but the level of conservation over the jmjC domain strongly 
suggests that these proteins may well be functional homologues. Intriguingly there 
are two isoforms of this protein in humans, rats, mice and frogs, although there only 
appears to be one isoform in Drosophila, mosquito, bee and worm. In addition to the 
conserved jmjC domain, the higher eukaryotic proteins share a number of other 
motifs, a CxxC zinc finger DNA binding domain, a PHD domain, an F-box and a 
number of leucine repeats. A schematic representation of these shared domains is 
shown in Figure 4.1. 
Further analysis using the Simple Modular Architecture Research Tool 
(SMART) identified 538 proteins in the non-redundant database that contain jmjC 
domains, 50 of which are found in bacteria and 487 are in eukaryota. There are 19 
jmjC containing proteins in Drosophila although none of these proteins have been 
characterised. Closer scrutiny revealed that the Drosophila Tis2 homologue was 
actually listed twice under two different numbers. 
Analysis of Tis2 Antibodies by lininunoblotting 
Four New Zealand white rabbits were immunized with peptides selected from 
the Tis2 protein. Two animals (N107-844 and N107-862) were injected with a 
peptide specific to the N-terminus and the other two animals (C 107-941 and C107- 
967)  were injected with a peptide specific to the C-terminus (for details see Materials 
& Methods 6.3.3). Whole sera were obtained prior to immunization and afterwards 
on days 53, 74 and 81 post immunization. Each serum was tested by 
immunoblotting against Drosophila S2 cell protein extract and a 24 hour embryo 
extract. It was observed that all three post immunization bleeds from animal number 
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C107-967 appeared to detect a band of the predicted molecular weight (148kDa) of 
the Tis2 protein in both S2 cell and embryo extracts (Figures 4.2 & 4.3). In addition, 
these sera also gave a prominent immune response against three smaller molecular 
weight proteins (95, 58 and 14 kDa respectively). A band of the predicted molecular 
weight for Tis2 protein was also detected by serum from animal N 107-844 (Day 74) 
in S2 cell extract, but this band was not as intense as the one detected by serum from 
animal C107 967. Indeed, this band was not detectable above background when 
tested on embryo extract. There were no significant bands detected by sera from the 
other animals. 
Analysis of Tis2 Antibodies by Iminunofluorescence 
The pre-immune and immune sera from all four rabbits were tested against 
S2 cells and third instar larval brain squashes to determine the localisation of Tis2 
protein within the cell. This characterisation proved difficult initially as none of the 
antibodies appeared to detect any specific structure within the cell. Various different 
fixation conditions and wash buffer compositions were altered and eventually it was 
observed that the serum from animal N107-844 gave a reproducible staining pattern 
on cytospun S2 cells. In order to observe this staining pattern, the whole serum was 
first passed through a 0.45pm filter, then applied directly to the cytospun cells 
without any fixation procedure (for details see Materials & Methods 6.3.4). The 
cells were then fixed after the primary antibody incubation and processed as normal. 
The staining pattern observed from cells processed in this way was a punctate 
nuclear localisation during interphase (Figure 4.4 A-C) followed by a striking 
localisation to the primary constriction of condensing mitotic chromosomes (Figure 
4.413). This staining pattern remained through prometaphase, metaphase and 
anaphase (Figure 4.4 E-H) then became punctate again when the separated 
chromatids began to de-condense. As the cells were un-fixed, it was extremely 
difficult to maintain the integrity of the mitotic chromosomes, making subsequent 
analysis of this antibody problematic. However, it was possible to perform co- 
labelling experiments using antibodies to the Centromere Identifier Protein (CID) 
and Heterochromatin Protein-] (HP1). It was observed that the protein detected by 
this serum and CID appear to co-localize at the centromeres of mitotic chromosomes 
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(Figure 4.5 A&B), but this was not the case during interphase as the staining 
becomes more punctate (Figure 4.5 Q. A similar result was obtained when cells 
were co-labelled with this serum and HPI. During interphase the protein detected by 
this serum is randomly punctate, whereas HP1 staining marks discrete foci (Figure 
4.6 A&B), however during mitosis when the DNA is condensed the protein detected 
by this serum and HPI are both detected at the centromere. HPI staining is also 
observed at the telomeres of condensed chromosomes, but the protein detected by 
this serum was not enriched here (Figure 4.6 C). This suggests that the protein 
detected by serum from animal N 107-844 is specifically recruited to the centromeric 
region of condensing chromatin, and not just all of the heterochromatic regions of the 
chromosome. This is particularly intriguing as S. pombe Tis2 was originally isolated 
as being a two-hybrid interactor with Swi6, the fission yeast homologue of HP1. 
One caveat to all of the experiments carried out with serum from animal 
N107-844 is the lack of evidence indicating that the protein detected by this serum is 
actually DmTis2. In an attempt to address this further affinity purification of this 
particular serum was carried out, but the affinity purified product failed to detect any 
specific structure in S2 cells. This result is discussed further in the following 
paragraph. 
Affinity Purification of Tis2 Antibodies 
As it was already established that the serum from animal N 107-844 was the 
most reproducible by immunofluorescence and that the serum from animal C107-967 
gave the best response as determined by immunoblotting, the antibodies from these 
sera were chosen for affinity purification. Affinity purification of the antibodies was 
performed as described (Materials & Methods 6.3.3). Two different dilutions (1:10 
and 1: 1) of each elution were tested against S2 cell extract by immunoblotting, and a 
number of different exposures were obtained. A band of the predicted molecular 
weight (148 kDa) of the Tis2 protein was clearly visible for the affinity purified 
C107-967 antibody (Figure 4.7A). This band was only visible in the pH2.5 and 
pH2.0 elutions and not the pH3.0 elution. Conversely, a band of the predicted 
molecular weight for the Tis2 protein was only observed in the final pH3.0 elution at 
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a 1:10 dilution of the N107-844 affinity purified antibody. This band was only 
observed after a 4-minute exposure to film (Figure 4.7B). Curiously, an additional 
band of —58kDa was also clearly visible in all the elutions, at both dilutions and from 
both sera tested. A band of similar size was also detected by the un-purified sera 
(Figure 4.1). Whether this band represents a smaller fragment of the Tis2 protein 
remains unclear. 
The affinity-purified antibodies were dialysed against both 1X PBS with 
0.5% BSA or lx TBS, and then applied directly (or diluted 1:1 and 1:10) to unfixed 
cells. Unfortunately, the centromeric localisation pattern was not observed with 
these antibodies; furthermore, the integrity of the chromatin in these cells was 
severely compromised. Whether this was due to incomplete dialysis or that the 
dialysis itself was rendering the antibody inactive, was considered, however applying 
the un-dialysed antibody directly to the cells did not improve the quality of staining. 
Bacterial Expression of GST-Tagged Tis2 
The full-length cDNA encoding the Tis2 protein was amplified by PCR using 
primers that incorporated suitable restriction enzyme sites to facilitate in-frame 
cloning into the pGEX4T-1 expression vector (Materials & Methods 6.3.8). As the 
full length cDNA was 4.2 kb and the pGEX vector was 4.9 kb, the cloning proved to 
be time consuming, but eventually the desired construct was obtained. This 
construct was transformed into BL2I cells by electroporation, and selected for with 
appropriate antibiotics. Expression of the GST-Tis2 construct was induced by the 
addition of IPTG. After 2-3 hours of induction, the cells were harvested, lysed and 
the expressed protein was purified using glutathione sepharose beads and a 
glutathione elution, then by simply boiling the beads with 3X Sample Buffer. 
Protein extracts were obtained from the cells before and after induction of expression 
for comparison with the purified protein and boiled bead samples. These samples 
were analysed by SDS-PAGE and the resulting gel was stained with Coomassie 
brilliant blue (Figure 4.8A). A very faint band of the predicted molecular weight 
(Tis2 148 kDa + GST 26 kDa = 174 kDa) was observed in the purified protein 
fractions, but this band was not visible in the "induced" sample. This may be 
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attributed to the fact that the "un-induced" and "induced" samples only represent 
1110,000th of the total amount of protein in the entire 1 litre culture of cells, whereas 
the glutathione eluted sample represents l:IOOth  of the total amount of purified 
protein, and the boiled bead sample represents 1:200 1h  of the protein remaining on the 
beads. In addition, it was also observed that a band of 58 kDa, also appeared to be 
more prevalent in the purified protein samples. The protein band detected at 26 kDa 
was deemed to be GST protein alone, based on size and immunoblotting. 
The samples were further analysed by immunoblotting and probed with four 
different antibodies: anti-GST (1:1000) anti-Tis2 (N107-844, 1:100), anti-Tis2 
(C 107-967, 1:500) and affinity purified anti-Tis2 (C107-967, 1:10), (Figure 4.8 B-E). 
As can be seen the anti-GST antibody appears to detect a band of 174kDa in the 
glutathione purified and boiled bead samples. A slightly smaller band of 148 kDa 
was also observed in the un-induced and induced sample lanes. This may represent a 
fraction of GST tagged Tis2 protein that has been partially cleaved. The anti-Tis2 
(N107-844) failed to detect a protein of the predicted size in the un-induced and 
induced sample lanes, but it did appear to detect a band of 174 kDa in the boiled 
bead samples, and to a lesser extent the glutathione eluted sample. The anti-Tis2 
(C 107-967) antibody detected a band of -474 kDa in all samples, although this band 
appeared to be more intense in the "un-induced" and "induced" sample lanes. 
Curiously, both the anti -Ti s2 (N 107-844 and C 107-967) antibodies detected a protein 
migrating at 58 kDa. However, when a further blot was probed with the affinity-
purified anti-Tis2 (C107-967) antibody, it was observed that a distinct band 
migrating at the predicted molecular weight for the GST-Tis2 construct could clearly 
be seen in the boiled-bead samples, and to a lesser extent in the glutathione eluted 
sample, but that this band was not present in sufficient quantity to be detected in the 
un-induced and induced samples. In addition, the 58 kDa protein that was detected 
by the whole sera, was also detected by the affinity purified antibody in the un-
induced and induced samples, but was not detected in the glutathione eluted or the 
boiled-bead samples. This result strongly suggested that the 58 kDa band was a 
cross reacting protein that was not present in the purified protein samples, and hence, 
failed to be detected by the affinity purified antibody. 
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Irninunoprecipitation of Tis2 and Potential Interacting Proteins 
One way to further elucidate the function of any given protein is to identify 
potentially interacting proteins. In the Drad2l study we successfully 
immunoprecipitated all four members of the cohesin complex from Drosophila 
embryo extract using an antibody to Drad2l. Therefore, I decided to follow this 
route to look for proteins potentially interacting with Tis2. A total of eleven attempts 
were made to immunoprecipitate (IP) the Tis2 protein from Drosophila cell extracts. 
The results shown here are a summary of the most successful attempt. The 
immunoprecipitation was performed as described (Materials & Methods 6.3.5) using 
the anti-Tis2 antibodies (N107-844) and (C107-967). An antibody to Drad2l was 
used as a positive control, the pre-immune serum from rabbit C107-967 was used as 
a background control and a complete lack of antibody served as a negative control. 
The antibodies were cross-linked to Dynal beads (coated with sheep anti-
rabbit IgG). The cell lysate was pre-cleared by incubation with untreated Dynal 
beads, this step was performed in an attempt to reduce the background generated by 
unspecific proteins binding to the beads. The antibody-bound beads were incubated 
in the pre-cleared cell lysate, then subject to a number of washes. The beads were 
then boiled in sample buffer and analysed by SDS-PAGE. For comparison protein 
extracts were also made from the cell lysate, post sonication, alter sedimentation of 
the particulate matter and post-clearing with beads. An aliquot of the GST-Tis2 
fusion protein was also loaded onto the gel to serve as a positive control. When the 
gel was stained with Coomassie brilliant blue, the level of protein bound to the beads 
was below the threshold of the stain's detection. These samples were then processed 
for immunoblotting, and probed with an antibody to Drad2l (Figure 4.9 A). It was 
evident that the Drad2l immunoprecipitation had worked extremely well, as a band 
of the predicted molecular weight for this protein (78 kDa) was clearly visible in the 
appropriate immunoprecipitation lane. This band was also visible in the samples of 
cell lysate. The results obtained from immunoblotting with the anti-Tis2 (Cl07-967) 
antibody were much less clear-cut (Figure 4.9 B). Although a band of the predicted 
molecular weight for the GST-Tis2 fusion protein (174 kDa) was detected in the 
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appropriate lane, and a band of the predicted molecular weight of the endogenous 
Tis2 protein (148 kDa) was detected in both the sedimentation pellet and the cleared 
lysate. It was impossible to discern a band of the predicted molecular weight from 
any of the other lanes. It did appear that both the anti-Tis2 (C107-967) and the 
Drad2l IP lanes appeared to have precipitated more protein than the pre-immune or 
the anti Tis2 (N 107-844) sera. Somewhat reassuringly, there did not appear to be 
any cross-reacting bands from the beads alone, as this lane was completely blank. 
dsRNAi of Tis2 
As dsRNA interference had proved to be a particularly efficient method to 
analyse the effect of depleting Drad2I from S2 cells, it was decided to analyse the 
cellular consequences of depleting the Tis2 protein. Initially, this experiment was 
carried out in the same manner as previously described for the Drad2 1 depletion. 
However, when the cells were analysed by both immunoblotting and 
immunofluorescence, it was apparent that the level of Tis2 protein was un-affected. 
A total of ten different experimental conditions were attempted to deplete the Tis2 
protein (for a more detailed protocol please refer to Materials and Methods 6.3.6). 
Briefly these included generating dsRNA to three different portions of the Tis2 
cDNA and incubating the cells with single or double combinations. In addition, a 
variety of different dsRNA concentrations were analysed ranging from 10/Ag to 
5Opg/mI of cells. In an early experiment, the cells were incubated with 3Opg /ml of 
the first Tis2 dsRNA (Ti). The cells were harvested daily for five days and analysed 
by immunoblotting (Figure 4.10 A) and immunofluorescence. In another experiment 
the cells were incubated with 50J4g/ml of the first and second Tis2 dsRNA (TI &T2) 
and harvested on a daily basis for 4 days. The cells were analysed by both 
immunoblotting (Figure 4.10 B) and immunofluorescence. In addition, samples 
from a Drad2l and SAl depletion experiment were loaded for comparison. No 
observable depletion of Tis2 was detected in any of the samples. In a further 
experiment, a combination of the Ti and T2 dsRNAs were added to cells and they 
were analysed in a similar manner. Again there was no observable depletion of the 
Tis2 protein. 
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Finally, the cells were incubated with a range of dsRNA concentrations, 
allowed to grow for four days, then incubated a second time with fresh dsRNA and 
permitted to grow for a further four days. The cells were harvested at each time 
point and processed for immunoblotting, immunofluorescence and RT-PCR analysis 
(Materials & Methods 6.3.7). Immunoblotting using the affinity purified anti-Tis2 
(C 107-967) antibody, clearly showed that there was no detectable depletion of the 
Tis2 protein in any of the samples (Figure 4.11 A). These samples were also 
analysed by immunoblotting with the anti-Drad2l antibody (Figure 4.11 B) and no 
appreciable difference in the level of this protein was detected. In addition, RNA 
was extracted from an aliquot of cells at each time point and used as template for 
RT-PCR analysis (Figure 4.12). As can be seen, the Tis2 transcript still persists 
through all time points. Finally, when the cells were processed for analysis by 
immunofluorescence for all of the experimental conditions described, the 
centromeric localisation pattern was still observed using the anti-Tis2 (N107-844) 
antibody (data not shown). 
Characterisation of Drosophila Tis2 Fly Alleles 
During the course of this study a total of eight EP [P] element insertion lines 
were identified as being located within the Tis2 genomic region. Three of these lines 
(EP[P]1096/TM6B, EP[P]3093/TM6B and EPIP]3471/TM6B) were inserted in the 
five prime 1JTR of the Tis2 transcript. Two lines (EP[P]3699/TM6B and EP[PI 
3737/TM6B) were inserted in the first intron and the remaining three lines (EP[P] 
3396/TM6B, EP1P13198/TM6B and EP[P132591TM6B) were within the second 
intron. The exact location of each insertion is given in Table 4.1 below. 
The initial characterisation carried out on these lines was to establish whether 
disruption of this gene would result in lethality in the homozygous state. All of these 
fly lines were maintained in the presence of a balancer chromosome. In the first 
instance this was the TM613 balancer. Flies carrying this balancer will exhibit three 
easily identifiable markers. The first marker is referred to as Humerals (Hu), which 
confers extra humeral bristles on the "shoulder" of the adult fly. The second marker 
known as Tubby (Tb) gives rise to a short, squat body shape, observable in both 
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larvae and the adult fly. The third marker known as Ultrabithorax (Ubx) manifests 
as irregularly shaped halteres, these being the tiny organs situated below the wing 
that enable the fly to regulate balance during flight. In order to address the 
possibility that a mutation in the Tis2 genomic region may affect viability, the 
percentage of flies in the adult population for each anticipated genotype was scored. 
It was observed that the mutant alleles fell into three categories, the first 
being those alleles which were viable as homozygotes, the second included those 
which were not found in the adult population and were deemed to be lethal at an 
earlier stage of development, and the final category were those lines in which 
homozygous flies were observed in the adult population but not at the predicted 
Mendelian ratio. This final category was referred to as semi-lethal. 
In order to determine at which stage of development the lethal fly alleles 
were dying, each fly allele was permitted to lay eggs on a red wine agar plate. Those 
embryos were then followed throughout the various stages of development to 
establish when the homozygous animals were dying. The observed stages of 
lethality for each fly allele are shown in Table 4.1 below. 
Table 4.1 Stage of Lethality 
Fly Line Genomic Insertion % EP/EP Adults Stage of lethality 
EP[P]30931TM6B 5' UTR —60bp 0 Embryo stage 16 
EP[P3259ITM6B 2nd Intron +5174 0 Embryo Stage 16 
EP[P13699/TM6B 1st Intron +822bp 0 Embryo stage 16 
EP[P]3198/TM6B 2nd Intron -i-4689bp 2 Semi-larval lethal 
EP[P]33961TM6B 2nd Intron +1096bp 4 Semi-pupal lethal 
EP[P]1096/TM6B 5' UTR - SSbp 30 Adult 
EPIPI3471ITM6B 5' UTR —26bp 40 Adult 
EP[P]3737/TM6B 1st Intron +822bp 37 Adult 
Table 4.1. Column 2 depicts the position of EP IPI  element insertions in the Tis2 genomic region, 
with 0 being the first base of the genomic contig available from Celera. Column 3 shows the 
percentage of flies homozygous for the EP 111 element insertion observed in the adult population of 
the balanced stock. Column 4 shows the stage of lethality for each allele. 
Genetic Analysis of Tis2 Fly Alleles 
As different stages of lethality between the different fly alleles were 
observed, it was considered that some of the fly lines may be carrying mutations in 
other genes and that the observed lethality was due to an alternative mutation. To 
address this concern, all of the fly alleles were out-crossed to an alternative balancer 
stock. This stock also carried a P element insertion that would permit UAS-GFP 
expression under the control of a GAL4 driver containing the Kruppel gene 
promoter. Kruppel (Kr) is a transcription factor involved in segmentation, and is 
expressed during late embryogenesis. In early larvae expression of this gene can also 
be observed in Boiwig's organs situated at the anterior end of the animal [Gaul, el al. 
19871. This expression system provides an extremely useful tool for the selection of 
embryos and early larvae that are homozygous for the mutation of interest by the 
virtue of them being GFP-negative [Casso, ci at. 2000]. 
It was established that out-crossing all of the Tis2 alleles to the Kr-GFP line 
did not significantly alter the stage of lethality for any of the lines. This suggested 
two possibilities; 1) there was still some background mutation on the same 
chromosome arm as the Tis2 alleles which gave rise to the lethal phenotype, or 2) 
that there was indeed some epigenetic variability associated with the disruption of 
this gene. To address the first possibility the Tis2 fly alleles were out-crossed to two 
fly lines deficient in part of the genomic region uncovering or close to the Tis2 locus. 
Deficiency Analysis of the Tis2 Genomic Locus 
Initial analysis of FlyBase revealed that there were four potential fly stocks 
that were deficient in, or very close to, the Tis2 locus. Unfortunately, two of these 
lines DJ(3R)CA4B hones and Rawls 19881 and Dfl3R)p2l [Kemphues, ci al. 1980] 
were no longer available, although a concerted effort was made to track these lines 
down. However, two other lines were available from the Bloomington stock centre. 
These were Df(3R)p-XT103 [Lehmann, R. and Nusslein-Voihard 19861 and 
DJ(3R)BSC24 [Deal-Herr 20021. The breakpoints of Df(3R)p-XT103 had been 
molecularly and cytologically mapped and were shown to uncover the region 85A2 
to 85C1-2. This deficiency had been shown to disrupt or delete a number of genes in 
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this region: puckered, black], pink, oskar, black2 and neuralized. The second 
deficiency line Df(3R)BSC24, was also reported to disrupt or delete oskar (85137) 
and neuralized (85C2-3), but more significantly was shown to have an effect on a 
third gene called puinilio. Pumilio is cytologically located at position 85C4-D and as 
the Tis2 locus is situated at position 85C3-4, it was possible that line Dft3R)BSC24 
would uncover the Tis2 locus but that Dft3R)p-XT 103 would not (Figure 4.13). 
As anticipated when all of the Tis2 alleles were crossed to Df(3R)p-XT 103, 
the expected ratios (between 20-30%) of adult flies having the genotype Dft3R)p-
XTI03/ EPIPI nTls2  were observed (see Appendix for raw data). The males and 
females from each cross were permitted to mate. No adverse effect on fertility or 
progeny was observed. Conversely, this was not the case when the Tis2 alleles were 
crossed to DJ(3R)BSC24. In this cross all eight of the Tis2 alleles gave rise to adult 
flies with the genotype DJ(3R)BSC24/ EP[P] suggesting that the DJ(3R)BSC24 
line complemented the Tis2 mutation. However, when these adult flies were retained 
and the males and females from each cross were permitted to mate, they were all 
very slow to reproduce, and those progeny that did emerge were significantly fewer 
in number when compared to the Dft3R)p-XTI03/ EPIP] fTI2  cross. In addition, in 
two of the lines (EP[P]3259 and EP[P]3396) the number of adult flies that eclosed 
was well below the expected ratio (see Table 4.2, below). Curiously, both of these 
lines are embryonic lethal as Tis2 homozygotes. 
These data suggested that although the Dft3R)BSC24 deficiency over and an 
EPIP] element insertion in the Tis2 locus was viable, fecundity was severely 
inhibited. The data also suggested a strong possibility that an alternative mutation, 
not associated with the Tis2 locus, may have given rise to the lethality phenotype 
observed in some of homozygous EP insertion lines. This observation was supported 
by the alleviation of lethality in the presence of the deficiency stock. 
An additional observation made while scoring the emerging adult flies from 
the Df(3R)BSC24 x EP[P] n" 2 cross, was that the numbers did not fall into the 
predicted Mendelian ratio of 1:1:1:1. Inparticular, some genetic combinations 
appeared to be more preferential than others, for example in all crosses the 
percentage of adult flies having the EPIPI TIs2  over the TM2 balancer was almost 
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double the anticipated number. This is most probably due to the fact that quite 
simply this genetic background is healthier than the others, and thus preferentially 
favoured. 
Table 4.2 Deficiency Analvsi5 
Cross: 	 Df(3R)BSC24/TM2 x EPPJ n T"2/TM6B 
Progeny: 	 EPIP1 n ulS2  Dfl3R)BSC24 	TM2 	DJI3R)BSC24 
TM2 	TM613 	TM613 EPIPI n 2 
Anticipated: 	 25% 	 25% 	25% 	25% 
Dft3R)BSC24ITM2 %EPITM2 %Df!TM6B %TM2ITM6B %DfIEP 
EPIP]3093!TM6B 46 11 14 29 
EPIP132591TM6B 56 13 28 3* 
EP1P13699/TM6B 44 4 15 37 
EP1PJ3198/TM6B 50 23 9 18 
EPIP]3396/TM6B 35 25 31 9* 
EP[PJ1096/TM6B 43 11 17 29 
EP[P13471/TM6B 40 15 12 33 
EP1P13737/TM6B 48 13 20 19 
Table 4.2. The Tis2 heterozygous flies were crossed to the deficiency fly line Dft3R)BSC24ITM2 
and the percentage of adult flies for each possible genotype was scored. The asterisk represents those 
lines were the expected number of progeny was well below the anticipated 25%. 
Fertility Analysis of Tis2 Fly Alleles 
As the fertility of Df(3R)BSC24I EPIP] ,Tts2  flies appeared to be 
compromised, it was decided to examine the fertility of those Tis2 alleles which were 
homozygous viable. Male and female flies from each allele were crossed to either 
female or male wild type flies, or to one another i.e. an inter se cross. In the 
presence of a wild type copy of Tis2, the fertility did not appear to be compromised 
in either sex of any of the alleles examined. However, it was observed in the inter se 
cross that fertility was indeed compromised, particularly in lines EP[P]1096 and 
EP[P]3737 (Table 4.3). 
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Table 4.3 Fertility Analysis 
Fertility Analysis Wt female Wt male Inter se 
EP1P13093/EP1P13093 - - - 
EP1P13259/ EP(P13259 - - -. 
EP1P13699!EP1Pl3699 - - - 
EPIPI3 198! EPIPI3 198 nld Females died nkl 
EPIP]3396/ EP1PJ3396 nld Females died nld 
EPIP]1096/ EP[ P] 1096 + 
EP[ P13471! EP1P13471 +++++ 
EPIP]3737/ EPIP]3737 +++++ +++++ ++ 
I able 4.3. Viable adult tiles homozygous for the EPIPI insertions were crossed to wild type males or 
females, or to one another (inter se) and the number of progeny were counted. +++++ represents 
100% fertile, where as ++++ represents 80% as fertile as compared to wild type, ++ represents 40% 
and + represents 20%. n/d represents those crosses not done due to insufficient numbers of adult 
males homozygous for the EP[P] insertion. - Represents those lines that are embryonic lethal and 
therefore could not be tested. 
Ectopic Expression of Tis2 Utilising the UAS-GAL4 System 
The advantage of using the EP [P] element insertion lines is that they contain 
the UAS sequence which, provided the P element is inserted in the correct 
orientation, permits ectopic expression (via GALA binding) of the gene into which 
they are inserted [Rorth 19961. In order to examine the effect of ectopically 
expressing the Tis2 protein, two of the EP [P] element lines EP[P] 1096 and 
EP[P]3093, were crossed to a fly line containing the GALA sequence downstream of 
the eyeless promoter. Eyeless (ey) is a member of the Pax-6 family of transcription 
factors and is initially expressed in the early eye anlagen of the developing embryo 
IQuiring, ci al. 19941. In later larval stages, ey is expressed throughout the 
developing eye disc anterior to the morphogenetic furrow. Expression of this protein 
can also be detected in the ventral nerve cord, the optic lobes and discrete foci in the 
brain [Haider, ci al. 19981. 
When the eyes from both male and female flies of the genotype 
EP[P]UAS:Tis2 (1096 or 3093) / eyGAL4 were compared to the control fly eyes 
eyGAL4/eyGAL4, EPIPIUAS:Tis2(1096 or 3093)/TM6B, or eyGAL4/TM6B there 
was disappointingly no detectable phenotype (Figure 4.14 A-G). In addition the 
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heads from these flies were solubilised in sample buffer and processed for 
immunoblotting. However it was not possible to discern any change in the level of 
Tis2 protein upon GAL4 induction. 
Perturbation of Tis2 Localisation 
It was becoming increasingly obvious that an analysis of the Tis2 protein by 
conventional depletion (either genetically or by dsRNAi) was not as straight forward 
as perhaps may have been hoped. The only strong evidence obtained concerning the 
Tis2 protein was the centromeric localisation of a protein detected by the anti-Tis2 
(N 107-844) antibody. It was therefore decided to attempt to disrupt this localisation, 
S2 cells were incubated in the presence of various cell-cycle disrupting drugs and 
then processed for immunofluorescence to determine if there was any effect on the 
protein recognised by the Tis2 antibody localisation. The drugs used were: 
Trichostatin A, Distamycin A, Hoechst 33832 and colchicine. Trichostatin A is a 
known histone de-acetylase inhibitor [Yoshida, el al. 19951 and has been shown to 
cause decondensation of condensed heterochromatin [Taddei, et al. 2001]. It also 
induces a mild G  phase block in HeLa cells after 12 hours and a strong S phase 
arrest after 24 hours [Toth, K. F., ci al. 20041. Distamycin A binds to the minor 
groove of A & T rich DNA and is thought to inhibit the topoisomerase-mediated 
relaxation of super-coiled DNA. It has also been demonstrated to prolong G2 phase 
[Dubey and Raman 1983]. Hoechst 33832 inhibits condensation at the centromere 
and also binds A & T-rich DNA. It is thought that the molecule sits in the minor 
groove of DNA and inhibits unwinding of the replication fork [Poot, et al. 1995, 
Radic, ci al. 1992]. 
Initially. S2 cells were incubated with four different drugs, at three different 
concentrations, then harvested and analysed at 6h, 12h and 24h. It was observed that 
overnight incubation with the microtubule poison colchicine, did not perturb the 
localisation of the protein detected by the Tis2 antibody or HP! but did increase the 
yield of mitotic cells. In subsequent experiments, cells were incubated in the 
presence of 50ng/ml Trichostatin A, 50pig/ml Hoechst 33832 and 20,0g/ml 
Distamycin A for 24 hours, then transferred to fresh media and blocked overnight 
(16h) with O.lig/ml coichicine. The cells were then cytospun onto poly-L-lysine 
slides and processed for immunofluorescence. It was observed that the addition of 
colchicine and Hoechst 33832 did not perturb the localisation of either the protein 
detected by the Tis2 antibody or HPI (Figure 4.15 A & B). In contrast, the addition 
of Distamycin A or Trichostatin A appeared to disrupt the localisation of both HP1 
and the protein detected by theTis2 antibody (Figure 4.15 C& D). Unfortunately 
very few mitotic cells were observed after Trichostatin A treatment obviating 
quantification of this phenotype. However, there were appreciably more mitotic 
cells in the population that had been treated with Distamycin A. and all of these cells 
exhibited the mis-localisation phenotype. 













Figure 4.1 Schematic Representation of Conserved Motifs in Tis2 Homologues 
Comparison of the conserved motifs in a selection of homologues. The highest level of conservation 
is over the jmjC domain, which enabled the initial identification of the Drosophila protein by comparison 
with the S. pombe sequence. The sequences from other higher eukaryotes also share conservation of an 
additional five domains, a coiled-coil domain, a PHD domain, a CxxC zinc finger, an F-box and a 
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Figure 4.2 Testing Various Rabbit Sera Against S2 Cell Extract 
Immunoblot of rabbit sera raised against Tis2 N- & C-terminal peptide sequences. 
Pre-Immune sera (lane 0) are compared with bleeds taken on days: 53 (lane 1), 74 (lane 2) 
and 81 (lane 3). Sera from animal C107-967, detect a band of the predicted molecular 
weight (red arrow) and two smaller bands (arrows). 
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Figure 4.3 Testing Various Rabbit Sera Against Embryo Extract 
Immunoblot of rabbit sera raised against Tis2 N- & C- terminus peptide sequences. 
Pre-Immune sera (lane 0) are compared with bleeds taken on days: 53 (lane 1), 74 (lane 2) 
and 81 (lane 3). Sera from animal C107-967 detect a band of the predicted molecular 
weight (red arrow) and two smaller bands (arrows). 
Figure 4.4A Tis2 Antibody Associates with Interphase Chromatin 
Cells were hypotonically treated in 0.25X EBR and cytospun onto poly-L-lysine slides. 
Primary antibody Tis2 N-844 D74 (red) was applied directly to the cells. The cells were then post fixed 
in 4% PFA and counterstained with DAR (blue). Tis2 becomes associated with chromatin as DNA 
begins to condense (A, B & C) and then becomes enriched at the centromeres during prophase (D). 
Figure 4.4B Continued 	s. Ai i.uJy 	L[Ltui d. 	 i 	U__•tl_. 	L:LbOI1z 
Cells were hypotonically treated in 0.25X EBR and cytospun onto poly-.L-lysine slides. 
Primary antibody Tis2 N-844 D74 (red) was applied directly to the cells. The cells were then post fixed 
in 4% PEA and counterstained with DAR (blue). Tis2 becomes becomes enriched at the centromeres 
during prometaphase (E), and remains there through metaphase (E & G) until anaphase (H). 
Figure 4.5 Tis2 Antibody Co-localises at the Centromeres with CID 
Cells were hypotonically treated in 0.25X EBR and cytospun onto poly-L-lysine slides. 
Primary antibody Tis2 N-844 D74 (red) was applied directly to the cells. The cells were then post fixed 
in 4% PEA, incubated with anti-CID (green), then counterstained with DAPI (blue). 
Tis2 co-localises with CID at the centromeres in mitotic cells (A & B), but not in interphase (C). 
Figure 4.6 Tis2 Antibody Co-localised with HPI at Centromeres but not Telomeres 
Cells were hypotonically treated in 0.25X EBR and cytospun onto poly-L-lysine slides. 
Primary antibodies to Tis2 N-844 074 (red) and HP1 (green) were applied directly to the cells. 
The cells were then post fixed in 4% PEA and counterstained with DAR (blue). 
HP1 is associated with AT rich regions of DNA (A), then localises to discreet foci as the DNA begins to 
condense (B). In metaphaseTis2 co-localises with HP1 at the centromeres but is absent from telomeres (C). 
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Figure 4.7A Affinity Purification of Rabbit Sera containing Tis2 Antibodies 
Immunoblot of rabbit N107-844 and rabbit C107-967 sera affinity purified against Tis2 N- & C-
terminal poly-peptides, blotted against S2 cell extract. Anti-CAPD2 positive control (lane 1), 
crude sera diluted 1:10 (lane 2), immuno-depleted sera 1:10 (lane 3), 3 x pH3 elution 1:10 
(lanes 4), 3 x pH2.5 elution 1:10 (lanes 5), 3 x pH2 elution 1:10 (lanes 6), 3 x pH3 elution 1:1 
(lanes 7), 3 x pH2.5 elution 1:1 (lanes 8), 3 x pH2 elution 1:1 (lanes 9). A band of the 
predicted molecular weight (arrow) is detected by the lower pH elutions from rabbit C107-967. 
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Figure 4.7B Affinity Purification of Rabbit Sera containing Tis2 Antibodies 
Immunoblot of rabbit N107-844 and rabbit C107-967 sera affinity purified against Tis2 N- & C-
terminal poly-peptides, blotted against S2 cell extract. Anti-CAPD2 positive control (lane 1), 
crude sera diluted 1:10 (lane 2), immuno-depleted sera 1:10 (lane 3), 3 x pH3 elution 1:10 
(lanes 4), 3 x pH2.5 elution 1:10 (lanes 5), 3 x pH2 elution 1:10 (lanes 6), 3 x pH3 elution 1:1 
(lanes 7), 3 xpH2.5 elution 1:1 (lanes 8), 3 x pH2 elution 1:1 (lanes 9). A band of the 
predicted molecular weight (arrow) is detected in the 3rd pH3 elution from sera N107-844 and 
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Figure 4.8 Bacterial Expression of GST-Tagged Tis2 
The Tis2 cDNA was cloned into pGEX4T-1 which incorporates a GST-tag at the N-terminus. 
GST-Tis2 was bacterially expressed, then purified over a glutathione column. 
Coomassie brilliant blue stained gel, bacterial cells prior to protein expression (lane 1), 
bacterial cells 2 hours after induction of protein expression (lane 2), bead pellet prior to 
glutathione elution (lane 3), glutathione eluate (lane 4), bead pellet post glutathione elution (lane 5). 
Arrow points to where a band was anticipated, but expression was below thresh-hold of detection. 
Immunoblots of the same samples probed with antibodies as follows: anti-GST (B), Cl 07-967 
whole serum (C), N107-844 whole serum (D) and C107-967 affinity purified (E). 
Three clear bands of the predicted size are detected by the anti-GST antibody and the 
affinity-purified serum (arrows). 
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Figure 4.9 Immunoprecipitation of Drad2l and Tis2 
Various Drad2i and Tis2 antibodies were cross-linked to Dynal beads and incubated with lysed 
Drosophila cell extracts. The immunoprecipitated extracts were compared to whole cell extracts. 
Immuno-blots of whole cell extract after lysis (lane 1), pelleted insoluble matter (lane 2), cleared 
lysate (lane 3), lysate incubated with beads only (lane 4), lysate incubated with pre-immune sera from 
rabbit C107-967 (lane 5), lysate incubated with N107-844 sera (lane 6), lysate incubated with C107-  
967 sera (lane 7) lysate incubated with Drad2l sera (lane 8) GST-Tis2 protein (lane 9). lmmuno-blots 
incubated with anti-Drad2l (A) and anti-Tis2 Ci 07-967 (B). Black arrows show bands of predicted 
molecular weight for Drad2l (80 kDa), and GST-Tis2 (174 kDa) and Tis2 (148 kDa). 
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Figure 4.10 dsRNA Mediated Interference against Drosophila Tis2 
Immunoblots of protein samples generated from S2 cell extracts that have been incubated in the 
presence or absence of varying quantities of Tis2 dsRNA. 
In an early attempt to disrupt Tis2 protein, cells were incubated with 30pg/ml of construct Ti 
dsRNA (A). Cells were harvested at 24 hour intervals over 5 days and probed with anti Tis2 
Ci 07-967. No significant depletion was observed in any time point. The samples for the 96h(*) 
time point were inadvertently over-boiled during preparation. In a later attempt to disrupt Tis2 
protein cells were incubated with 50pg of construct Ti and T2 dsRNA (B). Cells were harvested 
at 24h intervals over 4 days and probed with anti Tis2 Ci 07-967. No Significant depletion was 
detected. Samples from previous experiments that had been incubated with either 30pgIml of 
Drad2i or SA dsRNA were also analysed, but no significant depletion of Tis2 was observed in 
these samples either. Each lane contains 5xi 05 cells. 
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Figure 4.11 dsRNA Mediated Interference of Drosophila Tis2 
Immunoblots of protein samples generated from S2 cell extracts that have been 
incubated in the absence (C) or presence of varying quantities of Tis2 dsRNA. 
In an attempt to disrupt Tis2 protein, cells were incubated with lOpg, 20pg and 
40.igIml of construct T3 dsRNA on day 1, then again on day 4. Cells were 
harvested at 4 and 8 days and probed with affinity purified anti-Tis2 C107-967 
(A) or anti-Drad2l (B). No significant depletion was observed at any time point. 
Each lane contains 5x1 05  cells. 
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Figure 4.12 Reverse Transcription PCR on Tis2 RNAi Cells 
Agarose gel of RT-PCR samples generated from S2 cell RNA extracts that have been incubated in 
the absence (0) or presence of varying quantities of Tis2 dsRNA. 
In an attempt to disrupt Tis2 protein, cells were incubated with lOpg, 20pg and 40pg/ml of 
construct 13 dsRNA on day 1, then again on day 4. Cells were harvested at 4 and 8 days and 
RNA extracted. Cells were incubated with (-4-) and without (-) reverse transcriptase, in the presence 
of either control primers or Tis2 specific primers. As can be seen, there is no significant difference 
between samples, suggesting that the mRNA transcript for Tis2 was still intact (arrow). The RNA in 
both control and T2 treated samples of Day 8 (40pg), appears much fainter than the other samples, 
but both bands are still observed. Control primers are to a gene called poly. 
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Figure 4.13 Position of Deficiency Stocks at the Tis2 Locus 
The Tis2 locus (CG 11033) is mapped to position 85C3-4. Two Deficiency stocks were obtained from 
the Bloomington Stock Centre: stock No. 1962 (DI3R)p-XT103) and stock No. 6756 (Df(3R)BSC24). 
The breakpoints of D113R)p-XT1 03 have been mapped both molecularly and by polytene in situ 
hydridisation, when this line was crossed to all of the EP[P] nT2  alleles viable fertile adults were obtained 
suggesting this deficiency stock does not uncover the Tis2 locus. When the EP[P] n 2 alleles were 
crossed to Df(3R)BSC24, again adults were obtained, however these adults did not appear to be as 
fertile as those from the previous cross. 
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Figure 4.14 Ectopic Expression of Tis2 during Eye Development 
Two fly alleles with EP(P)UAS element insertions in the 5' UTR of the Tis2 genomic region were 
crossed to a fly line designed do drive GAL4 expression under the eyeless promoter. 
Fly eyes from the following genotypes are shown: (A) eyGAL4/ eyGAL4, (B) EP1 096/ eyGAL4, 
(C) EP1096/ TM613, (D) eyGAL4rrM6B(1096), (E) EP3093/ eyGAL4, 
(F) EP30931 TM6B, (G) eyGAL4ITM6B(3093). All eyes shown are from female flies. 
The deeper shade of red in the eyGAL4/ eyGAL4fly line is due to the presence of two w P elements. 
There was no observable defect in eye morphology between the controls and experimental classes. 
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Figure 4.15 Drug Induced Perturbation of Tis2 Localisation 
S2 cells were incubated with or without various cell cycle disrupting drugs for 24 hours. The cells 
were then centrifuged and re-suspended in fresh media containing 0.1 pg/mI cot chicine and allowed 
to grow for 16 hours. Cells were then hypotonically treated with 0.25X EBR and cytospun onto 
poly-L-lysine slides. Primary antibodies to Tis2 N107-844 (red) and HP1 (green) were applied 
directly to the cells. The cells were then post fixed in 4% PFA and counterstained with DAPI (blue). 
Images shown were incubated with colchicine only (A), 50pg/ml Hoechst 33258 (B), 50ng/ml 
Trichostatin A (C) and 20 pg/mI Distamycin A (D). The localisation of both Tis2 and HP1 are not 
disrupted by colchicine or Hoechst 33258, but both proteins appear to be de-localised in cells 
treated with Trichostatin A and Distamycin A. 
Tis2 Results Discussion 
Analysis of Tis2 in Drosophila 
A Note on the Tis2 Antibodies 
Although it has been clearly demonstrated that serum from animal C107-967 
detects a protein of the predicted molecular weight for DmTis2 in both S2 cell and 
embryonic extracts, it was not possible to determine whether the centromeric 
localisation detected by serum from animal N107-844 was actually detecting 
DmTis2. This should be kept in mind when interpreting the immunofluorescence 
data shown herein. 
Biochemical Approach 
The second part of the work discussed here has been the analysis of a novel 
conserved novel protein called Tis2. This protein was originally identified in a yeast 
two-hybrid screen for proteins that interacted with the S.pombe protein Swi6 (HP1). 
The Drosophila homologue was identified due to the high level of conservation over 
a region known as the jumonjiC domain. The exact function of proteins containing 
these domains remains elusive, but it has been postulated that they may play roles in 
histone de-methylation [Trewick, el al. 20051. However, data supporting this 
hypothesis have yet to be presented. 
In this work, I have obtained and characterised four peptide antibodies, two 
of which were generated against the amino-terminus of the protein and the other two 
were raised against the carboxy-terminus. One of the antibodies (from animal C107- 
967)  was observed to detect a protein of the predicted molecular weight in both S2 
and whole embryo extracts. Another antibody (from animal N107-844) was 
observed to have a punctate nuclear localisation during interphase and then a 
dynamic re-localisation to the centromeric region of condensing chromatin. It was 
also demonstrated that the protein detected by this serum co-localised with the 
Centromere IDentifier protein CID in mitotic cells. The localisation pattern during 
interphase did not specifically coincide with CID as CID is found as discrete foci in 
interphase, and the protein detected by this serum appears to be more punctate. 
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Double labelling was also performed with an antibody to HP1. HPI appears to 
decorate discrete foci in interphase cells and is found at the heterochromatic-rich 
regions of centromeres and telomeres of mitotic chromosomes. Intriguingly, the 
protein detected by serum N 107-844 only appears to localise to the centromeres and 
is absent from telomeres. This is particularly interesting as Tis2 from S. poinbe was 
originally identified as a two-hybrid interactor with Swi6 (HPI). If serum from 
animal N107-844 is detecting DmTis2 this may suggest that there is a post-
translational modification of HP1 at the centromeric regions rendering it accessible 
to this antibody. Alternatively the converse may be true, that the heterochromatin 
situated at other regions is modified in such a way as to prevent localisation of this 
antibody. 
As Tis2 in S. pombe had been shown to be required for the localisation of 
Sccl/rad2l, we attempted to find an interactor of Tis2 with itself or Drad2l by 
immunoprecipitation from Drosophila cell extracts. Two strategies were utilised; the 
first was to GST-tag the Drosophila protein and use this tagged protein to "fish" in 
cell extracts for interacting proteins. The other method was to use the Drad2l and 
Tis2 antibodies coupled to sepharose beads with a view to immunoprecipitating 
either or both proteins from S2 cell extracts. Although it was possible to precipitate 
Drad2l from cell extracts, it was not possible to discern if Tis2 was present in the 
Drad2l immunoprecipitation, or indeed if Drad2l was present in the Tis2 
immunoprecipitation. A large amount of protein was present in both immuno-
precipitated Tis2 extracts, as ascertained by immunoblotting with the Tis2 antibody, 
but a completely clean analysis was simply not obtained. 
In an attempt to characterise the effect of depleting Tis2 from cultured cells, 
dsRNA-mediated interference was performed on S2 cells. Although numerous 
attempts were made using a variety of different strategies, it was not possible to 
deplete the level of this protein (as assayed by immunoblotting or 
immunofluorescence). RT-PCR analysis was performed which showed that the Tis2 
transcript was still present even after a double hit of dsRNA over the course of eight 
days. Why this protein should be particularly resistant to dsRNA-mediated 
interference remains elusive. It may be that this protein is particularly perdurant or 
MeN 
that alternative splice variants are present that act as functional orthologues. An 
alternative method for introducing RNA interference would be through the use of a 
hairpin construct. 
Genetic Analysis 
Working in a Drosophila lab has provided an excellent opportunity to study 
the effect of gene disruption in a living model organism. During the course of this 
study. I have obtained eight EP [P] insertion alleles in the Tis2 genomic region. I 
initially characterised the stage of lethality for each of these lines. These lines fell 
into three categories: embryonic lethal (during the later stages of embryogenesis), 
larval lethal (final stages of larval development) and semi-lethal. Semi-lethal fly 
lines are able to get through development to an adult stage, but they are not present 
in the proper Mendelian ratios. The different stages of lethality may be attributed to 
the fact that each of the EP [P1 elements were inserted into different positions. 
However, to rule out the possibility that lethality was due to an alternative P element 
insertion elsewhere in the genome, all of the EP lines were out-crossed to a GFP-
balancer line. The stage of lethality was not altered in each of the lines. This could 
be interpreted in either of two ways. The chromosome containing the EP insertion 
giving rise to lethality also carried another mutation, not removed by out-crossing, 
or, disruption of the genomic region of Tis2 results in a variable unexplained 
phenotype. 
To further address this issue, all of the EP lines were crossed to two lines that 
were deficient in either the Tis2 locus or regions very close to the Tis2 locus. It was 
observed that both of these deficiency lines complemented the EP lines and gave rise 
to viable progeny. However, when the offspring from each of these crosses were 
permitted to mate, it was observed that the fertility from one of the lines 
(Dft3R)BSC24) in combination with the EP was compromised. This phenotype was 
further analysed and it was observed that two of the EP lines that were homozygous 
embryonic lethal also appeared to be less fertile when heterozygous in combination 
with the Tis2 deficiency line. 
The fertility of each of the 3 EP lines where it was possible to obtain 
homozygous adults was analysed. It was observed that fertility was severely 
compromised in two of these lines. The testes from pharate males of both of these 
lines were dissected and the gross morphology analysed. Unfortunately there was no 
obvious defect detected. However, this does not rule out the possibility that although 
the general architecture of this tissue appeared normal, the integrity or gene 
expression of the developing gametes may be compromised. 
In an attempt to ascertain if ectopic expression of Tis2 had a visible effect, 
two of the EP fly lines (with P element inserted in the 5' UTR of the Tis2 gene) were 
crossed to a GAL4 driver fly line which permitted ectopic expression of Tis2 in the 
developing fly eye. When the eyes of these flies were compared to the control 
samples there was no visible phenotype. This may be attributable to insufficient 
over-expression of Tis2 to generate a phenotype, or that there simply would not be a 
phenotype upon over expression. A number of different GALA lines are available 
that can drive expression in a variety of tissues, at distinct developmental stages and 
it may be informative to take this work further by investigating these possibilities. 
Disruption of Tis2 Localisation 
The detailed study of Tis2 in Drosophila has proved very resistant to 
conventional biochemical and genetic analysis. The only particularly compelling 
piece of data on Tis2 obtained so far has been the localisation of antibodies raised 
against this protein to the centromere. Indeed, very few proteins show this level of 
restricted localisation. In an attempt to disrupt this localisation, S2 cells were 
incubated with a series of drugs disrupting cell cycle. It was observed that the 
addition of colchicine (O.lJ4gIml) and Hoechst 33832 (SOpgIml) did not disrupt the 
localisation of the protein detected by the antibody. However, when cells were 
incubated in the presence of Trichostatin A (20ng/ml) and Distamycin A (20pgIml), 
an interesting observation was made. Not only was the localisation of HP1 
disrupted, but also the localisation of the protein detected by the antidody. 
Unfortunately there were insufficient mitotic cells after treatment with Trichostatin 
A, precluding statistical analysis of this phenotype. However, in all of the mitotic 
70 
cells observed after Distamycin A treatment, both the detected protein and HP1 were 
delocalised. Why Distamycin A should disrupt the localisation of HPI and the 
protein detected by the antibody in S2 cells and Hoechst 33832 does not, when both 
of these drugs bind A:T- rich DNA is not clear. It is possible that there were 
insufficient quantities of Hoechst to cause an effect, although higher quantities of 
this drug proved lethal to the cells. Alternatively, Distamycin A may have a higher 
affinity for heterochromatin in Drosophila cells. Furthermore, the particular affinity 
of this drug for heterochromatin may cause displacement of other proteins that in 
turn lead to the mis-localisation of both HP1 and potentially Tis2. Further 
investigation will be necessary to examine the effect of these drugs on the chromatin 
structure of fixed cells, and then to obtain enough data for statistical analysis. 
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Chapter 5 Discussion 
The cohesin complex is the molecular glue that holds sister chromatids 
together from the time they are replicated in S phase until the time they are separated 
at the onset of anaphase. It has been clearly demonstrated that mutations in the 
cohesin subunits cause precocious separation of sister chromatids [Guacci, el al. 
1997, Michaelis, et al. 1997, Sonoda, el al. 2001, Vass, S., ci al. 20031, and that 
mutations which prevent cohesin being removed inhibit chromosome segregation 
[Hauf, el al. 2001, Rogers, el al. 2002 (also reviewed in {Hagstrom, 2003 #3 10, 
Uhlmann, el al. 19991). More recently it has been demonstrated that a mutation in 
the human gene Eco2, results in an autosomal recessive disorder knows as Roberts 
syndrome. Eco2 is the human homologue of yeast Ecol, which is essential for the 
establishment of sister chromatid cohesion. The disorder is characterised by 
craniofacial abnormalities, tetraphocomelia and a loss of cohesion at the 
heterochromatic regions of centromeres [Vega, el al. 20051. As previously described 
the localisation of cohesin between yeast and higher eukaryotes differs slightly in 
that the cohesin associated with the chromosome arms in higher organisms 
dissociates during prophase, and the cohesin along the chromosome arms in yeast 
remains until anaphase. However, what does remain conserved from yeast to 
mammals is the localisation of cohesin at the centromere. 
The centromere is a chromosomal region with a distinct chromatin structure 
composed of modified histories and the unique histone H3 variant CENP-A 
[Earnshaw and Cooke 1989]. The centromere is not only the site where sister 
chromatids are held together, but also where microtubule attachment is mediated. 
This implies a role for cohesin in the correct orientation of centromeres when 
chromosomes are being aligned on the mitotic spindle. Indeed, in both yeast and 
vertebrate cells an absence of the cohesin subunit SCCI, results in monopolar 
spindle attachments LSonoda, ci al. 2001, Tanaka, K., el al. 20001 supporting this 
hypothesis. 
Accurate chromosome segregation requires "bi-orientation" of the sister 
chromatids, this is where each kinetochore faces outwards towards opposite spindle 
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poles to facilitate microtubule binding. When both kinetochores are bound to 
opposite spindle poles (a state known as amphitelic attachment) a tension is created 
between sister kinetochores. This tension has been shown to be required for 
satisfaction of the spindle checkpoint and delays anaphase until all chromosomes are 
correctly hi-orientated. Correct bi-orientation requires the lpl-1 (Aurora-13 in 
vertebrates) protein kinase [Adams, el al. 2001a, Biggins, el al. 1999, 1-lauf, el al. 
2003, Kaitna, ci al. 2002, Tanaka, T. U., el al. 20021. This protein facilitates bi-
orientation by promoting turnover of kinetochore - niicrotubule connections in a 
tension dependent manner [Dewar, ci al. 2004]. Aurora B has an extensive list of 
substrates including histone H3 [Adams, et al. 2001b, Murnion, el al. 2001], myosin 
II regulatory light chain [Murata-Hori, et al. 2000], CENP-A [Zeitlin, el al. 20011, 
INCENP [Bishop and Schumacher 2002], Topoisomerase II alpha [Morrison, el al. 
2002] and Survivin [Wheatley, et al. 20041. Of particular significance is that Aurora 
B has been reported to phosphorylate serine 7 of the centromere specific histone H3 
variant CENP-A, which is required for correct localisation of the passenger proteins 
during mitosis [Zeitlin, et al. 20011. 
As previously discussed in the introduction, Aurora B along with INCENP, 
Survivin and Borealin form a complex that is essential for faithful chromosome 
segregation. These proteins known as the "chromosome passengers" are essential for 
co-ordinating the chromosomal and cytoskeletal events during mitosis. From the 
work demonstrated here and by others [Morishita, etal. 2001, Sonoda, etal. 2001  it 
has been shown that the localisation of INCENP is altered in the absence of the 
cohesin subunit Sccl/Drad2l, suggesting that cohesion is essential for the correct 
targeting of passenger proteins and hence the establishment of a functional 
centromere. 
Although a number of different proteins have been identified that are required 
for the association and maintenance of the cohesin complex on chromatin (see 
Introduction for specific references), the exact mechanism of how the cohesin 
complex binds sister chromatids together remains elusive. It is possible to assume 
that chromatin structure plays an important role in determining where cohesin 
molecules bind. It has been proposed that nucleosomes and their modification may 
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have an important role in establishing cohesin [Riedel, et al. 2004]. Two major 
classes of proteins have been identified that modify nucleosomes and the DNA 
associated with them: those that covalently modify histones ie. acetylases, 
methylases and kinases [Jenuwein and Allis 20011 and those that use ATP hydrolysis 
by SNF2-like proteins to alter histone-DNA interactions [Vignali, el al. 2000]. It has 
already been demonstrated that histone modification affects the recruitment of 
cohesin to particular loci and that methylation of the S. poinbe HP1 homologue Swi6 
enhances recruitment of cohesin to the centromeres [Bernard, ci al. 2001]. However, 
the exact mechanism by which Swi6 recruits cohesin remains enigmatic. It was 
anticipated that the work within this thesis, particularly on the Tis2 protein, may 
have provided a clearer insight into our understanding of cohesin recruitment, 
particularly at the centromere. Unfortunately, due to the uncooperative nature of this 
protein, that was not to be the case. It is my personal opinion that this protein is 
playing a pivotal role in the recruitment, and maintenance of centromeric cohesion, 
either by directly associating with cohesin itself, or by remodelling the chromatin 
environment. However, obtaining direct evidence to support this theory was not 
possible. 
Summary 
This work has utilised the unique model system of Drosophila mnelanogasier 
in order to analyse the proteins involved directly (and indirectly) with the mechanism 
of chromosome cohesion. This model provides not only a living organism in which 
to study the effects of gene disruption, but also a cultured cell system that is 
particularly amenable to protein depletion by dsRNA mediated interference. 
Combining high-resolution microscopy with sophisticated image capturing software, 
the aesthetically beautiful process of cell division can be easily visualised in cultured 
cells, and the effects of depleting key proteins can be analysed. Depletion of the 
cohesin subunit Drad2 1 led to premature separation of the sister chromatids and a 
delay in prometaphase. The stability of the Scc3 counterpart SAl was affected by 
depletion of Drad2l, but in contrast, the depletion of SAl did not affect the stability 
of Drad2l (nor did it appear to adversely affect mitotic progression). Intriguingly, 
the chromosome passenger protein INCENP was mis-localised in Drad2l depleted 
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cells. It was observed that this protein appeared to occupy a larger region of the 
separated chromatids in comparison to control cells, which aroused a curiosity to 
ascertain what was different about centromeric structure in the presence or absence 
of cohesion. 
A novel S. ponbe protein was identified in a screen for interactors with Swi6; 
this protein was named Tis2. Tis2 has been demonstrated to be required for the 
recruitment of Rad2l to the yeast centromere (Alishire lab, unpublished 
observations). In this work I have characterised four antibodies generated against 
peptide sequences from the Drosophila homologue of Tis2 and observed that one of 
these antibodies detected a band of the predicted molecular weight by 
immunoblotting and another detects a protein that appears to have a centromeric 
localisation by immunofluorescence. Although it was possible to detect a bacterially 
expressed version of this protein by immunoblotting, it was not possible to verify the 
in vivo localisation. It remains inconclusive as to whether the staining pattern 
detected by the antibody actually reflects the localisation of DmTis2. Several 
attempts were made to generate a GFP-tagged version of DmTis2, but none were 
successful. Further confirmation of the centromeric localisation of this protein 
would be vital for this work to proceed further. 
Unlike the components of the cohesin complex, it was not possible to 
examine the cellular consequences of depleting DmTis2 by RNAi nor was it possible 
to show a direct interaction with Drad2l by immunoprecipitation. In addition, 8 
EP[P] element alleles that were inserted in the Tis2 locus, were characterised but 
again the cellular consequences of lacking this protein remained evasive. It was 
possible to disrupt the localisation of a protein detected by an antibody raised against 
the DmTis2 protein by perturbing cultured cells with the A:T rich DNA binding drug 
Distamycin A, however treatment with this drug also delocalised heterochromatin 
protein 1, so whether this protein was delocalised due to the effect of the drug, or the 
displacement of HP1, could not be determined. 
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Future Direction 
For this work to progress further a number of potential directions could be 
pursued. With regard to the Drad2l study, it would be beneficial to repeat the 
immunoprecipitation experiments to potentially identify any novel interacting 
proteins. In particular, it would be intriguing to investigate the difference between 
those proteins interacting specifically with chromosome arms versus centromeric 
regions. With respect to the study of Drad2l cleavage by transient transfection, it is 
absolutely necessary to ascertain whether the mutated forms of Drad2l are cleaved 
by Separase. This could be done by in vitro translation of the mutated forms of 
Drad2l and incubating them with Separase. This assay would also require an 
antibody raised against the N-terminus of the protein to detect the cleavage product 
(the antibody used in this study was generated against the C-terminus of protein and 
would not, in theory, detect the predicted N-terminus cleavage product). 
Alternatively, constructs could be generated with an N-terminus bio-tag (such as an 
HA, or His tag) enabling detection by immunoblotting. 
As discussed, the Tis2 protein proved to be extremely difficult to analyse by 
the genetic and biochemical methods described herein. With respect to the fly 
alleles, it would perhaps be prudent to perform RT PCR on material collected from 
the homozygous mutants to establish if any of the lines are indeed null for the Tis2 
transcript. This would provide an ideal situation to investigate the effects of other 
potentially associated proteins. Also, as previously discussed, depleting the protein 
by transiently transfecting cells with a hairpin construct may prove to be more 
successful that dsRNA interference. Furthermore, it would also be interesting to 
generate a number of tagged constructs of various domains from Tis2 and perform 
localisation and immunoprecipitations. The rationale being that smaller fragments of 
the protein may prove more effective in binding potentially interacting proteins. 
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Chapter 6 Materials and Methods 
Commonly used buffers and reagents in alphabetical order 
Ampicillin 
Stock 50mg/mi in EtOH stored at —20°C. Used at 50g/ml. 
BSA 
Bovine Serum Albumin, 30% stock solution (Sigma). 
CLAP 
Stock solution of 1mg/mi Chymostatin, 1mg/mi Leupeptin, 1mg/mi Antipain, 
1mg/mi Pepstatin A in DMSO (Sigma). Stored at —20°C, used at 1-lOpg/ml. 
Coomassie Blue Stain 
0.5% Coomassie Blue in Methanol. 
Coomassie Blue Stain Diluent 
35% Methanol, 14% Acetic Acid. 
Coomassie Blue Fast Destain 
35% Methanol, 10% Acetic Acid. 
Coomassie Blue Slow Destain 
10% Methanol, 7% Acetic Acid. 
Cytoskeletal Buffer 
1X: 137mM NaCl, 5mM KC1, 1.1mM Na,HPO4, 0.4mM KH,PO4, 2mM MgCl,, 
2mM EGTA, 5mM PIPES, 5.5mM glucose, pH 7.0. Stock made at lox. 
DAPI 
4,6-diamidino-2-phenylindole (Sigma) stock solution 1mg/mi in dH 20 (kept at 
—20°C). Routinely used at 0.1 1g/ml. 
DMSO 
Dimethyl Suiphoxide (Sigma). 
DIT 
Dithiothreitol: stock solution I M (kept at —20°C). Routinely used at 100mM. 
Duibecco's Phosphate Buffered Saline 
IX 8mM Na,PO4, 1.4mM KH2P041  137mM NaCl, 2mM KC1, pH 7.4. 
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EDTA 
Ethylenediaminetetraacetic acid, stock solution 0.5M, pH 8.0. 
EGTA 
Ethylene glycol-bi s (f3-amino-ethylether)-N,N,N' ,N '-tetraacetic acid, stock solution 
0.25mM, p1-I 6.8. 
Ephrussi - Beadle Ringers Solution (EBR) 
IX 129mM NaCl, 4.7mM KC1, 1.9mM CaCI 7 , 10mM Hepes, pH 6.9. Stock made at 
lOX. 
IVTG 
Isopropyl 13-D- thiogalactopyranoside stock solution I M, stored at —20°C. 
Laernmli Upper Gel (stacking) Buffer 
1X: 0.5M Trizma base, pH6.8 with HC1. 
Laemmli Lower Gel (resolving) Buffer 
1X: 1.5M Trizma base, pH8.8 with HCI. 
Laemmli Gel Running Buffer 
IX: 25mM Trizma base, 192mM Glycine, 1% SDS. 
LB (Luria-Bertani Broth) 
1% Bacto tryptone, 0.5% Bacto yeast extract, 1% NaCl, pH 7.4. 
Loading Dye for DNA run on agarose gels (5X) 
17.5% Ficoll 400, 100mM EDTA pH8.0, 2.5% SDS, 0.25% Bromophenol Blue 
(migrates at ".300bp) 0.25% Xylene Cyanol FF (migrates at '.4kb). 
Lambda Markers for DNA Gels 
12.5 jI of each marker contains 500ng ? DNA. 
Hindul digests yields bands of 23.13kb, 9.416kb, 6.557kb, 4.361kb, 2.322kb, 
2.027kb, 0.56kb and 0.125kb. 
Aval digest yields bands of 14.68kb, 8.61kb, 6.89kb, 4.72kb, 3.733kb, 1.88kb, 
1.67kb, and 1.60kb. 
MOPS SDS Running Buffer for Novex Gels (20X) 
IM 3-(N-morpholino) propane suiphonic acid, 1M Tris base, 2% SDS, 20.5mM 
EDTA, pH 7.7. 
Mowiol Mounting Medium 
10% Mowiol 4-88 (Calbiochem), 20% Glycerol in PBS (Dulbecco's). 
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(DX Markers for DNA Gels 
12.5 p1 of marker contains 500ng of OX DNA. 
HaelII digest yields bands of 1.35kb. 1.078kb, 0.872kb, 0.603kb, 0.310kb, 0.281kb, 
0.234kb, 0.194kb, 0.118kb, and 0.072kb. 
Phosphate Buffered Saline (Dulbecco's) 
1X 8mM Na2 HPO4, 1.4mM KH,PO4, 137mM NaCl, 2mM KC1, pH 7.4. Stock made 
as lox. 
Ponceau S 
0.2% Ponceau S in 3% TCA. 
Sample Buffer (3X) 
2% SDS, 50mM Tris pH 6.8, 10% glycerol, 0.1% Bromo-phenol Blue, 2mM EDTA. 
SDS 
Sodium Dodecyl Sulphate: stock solution 20%, stored at room temperature. 
SDS-PAGE 
SDS- poly acrylamide gel electrophoresis. 
SOB 
2% Bacto-trpytone, 0.5% Bacto-yeast extract, 8.6mM NaCl, 50mM MgCI,, 2.5mM 
KCI, pH 7.0. 
SOC 
SOB supplemented with 20mM Glucose. 
TAE 
1X: 40mM Tris-acetate, 1mM EDTA pH 8.0. Stock made as 50k. 
TBE 
0.5X: 45mM Tris-borate, 1mM EDTA pH 8.0. Stock made as 5x. 
Towbin Transfer Buffer 
192 mM Glycine, 25 mM Tris (Sigma 7-9), 20% Methanol, 0.1% SDS 
Tris Buffered Saline 
1X:137mM NaCl, 20mM Tris-HC1, pH 7.6. Stock made as lox. 
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Bacterial Strains 
Eschericl:ia coil XLI Blue (Stratagene) 
RecA endAl gyrA96 thi-1 hsdRl7 supE44 relAl lac fF'proAB lacIqZDMl5 TnlOJ 
Escherichia coli BL2 I (Stratagene) 
B F dcnz amp T hsdS (r 8m 8)  gal 
Eseherichia cvii BL21(DE3) LysS (Stratagene) 
B F dcin amp T hsdS (r On 8)  gal A (DE3) [pLy.sS Cam] 
Agarose Gel Electrophoresis 
Unless otherwise stated, routine gels were prepared at 1% agarose in 0.5X 
TBE, and stained with 2J4g1m1 ethidium bromide to visualise the DNA by UV light. 
Miniprepping of Piasinid DNA -from E. coli culture 
Liberation of plasmid DNA from bacterial cells was carried about by alkaline 
lysis. In this work the UltraCleanTM  kit (Mo Bio Laboratories Inc) was used, as per 
manufacturer's instruction, with the exception that the plasmid DNA was finally 
eluted with dH 20 instead of the Elution buffer provided. 
Sequencing Reactions 
Typical sequencing reactions were set up as follows: 50ng of template DNA, 
3.2pMol of appropriate primer, 8pl of ABI Prism BigDye terminator V3.1 reaction 
mix (Applied Biosystems), dH 20 to 20/11 and subject to the following incubations in a 
PCR machine: 95°C for 5 minutes 
95°C for 30 seconds- denaturation 	* 
55°C for 15 seconds- annealing 	 * 
60°C for 4 minutes- extension 	*X 25 
15°C pause 
Resulting sequence data were analysed using SeqManhI software (DNAStar Inc). 
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Drad2l Analysis 
6.1.1 Isolation of the cohesin Complex Components in Drosophila 
Extract preparation: Drosophila embryos were homogenised in one volume 
of Buffer A (15mM Hepes pH7.9, 15mM NaCl, 60mM KCI, 2mM EDTA, 0.34M 
sucrose) with a complete set of protease inhibitors (Roche) using a loose pestle. The 
homogenate was centrifuged for 5 minutes at 6000rpm at 4C in a bench-top 
centrifuge. The middle layer was collected, aliquoted and flash frozen in liquid 
nitrogen. DMP cross-linking of the antibodies: Antibodies were cross-linked to 
protein A sepharose using Dimethyl pimelimidate according to Harlow and Lane 
[Harlow and Lane 1988]. Immunoprecipitations: For immunoprecipitation from 
crude extracts, the antibody beads were incubated with the extract for 1 hour at 4CC. 
The beads were washed 10 times with 20 volumes of IX PBS, and then eluted and 
washed with PBS containing 250 and 500mM NaCl. Protein interactions that were 
resistant to 500mM NaCl were eluted using 2% SDS in IX PBS. Finally, the 
remaining protein was boiled off the beads in 3X Sample Buffer. 
6.1.2 dsRNA Interference on Cultured Drosophila S2 cells 
RNAi was performed as [Clemens, ci al. 20001 in both Drosophila Dmel2 
and S2 cells. Although similar results were obtained from both cell lines only the S2 
cell data is shown here. A 650bp PCR fragment was generated from the Drad2l 
cDNA using the primers listed in Primer Table 1. These primers incorporate the 17 
RNA polymerase binding site. A second PCR product was generated from a random 
human intron sequence using the primers listed in Primer Table 1. The primers used 
to generate the SA I product are also listed in Primer Table 1. Typical PCR reactions 
were set up as follows: 50ng template DNA, dH 2O to 25y1, 2.5/41 lox Buffer (as 
supplied), Mg 2 to 3mM, 50pMol 5' primer, SOpMol 3' primer, 0.2mM dNTP, 1.5U 
of Pf14 DNA polymerase (Promega). The reactions were incubated in a thermocycler 
PCR machine (Biometra) under the following conditions: 
95°C for 2 minutes 
95°C for 30 seconds- denaturation 	* 
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62°C for 30 seconds- annealing 	* 
74°C for 2 minutes- extension 	*X 30 
74°C for 5 minutes 
4°C pause 
2-3pl of each PCR reaction were analysed by agarose gel electrophoresis. 
Those reactions yielding the appropriate size products were then de-salted using the 
UltraClean T11  PCR clean up kit (Mo Bio Laboratories Inc) as per manufacturer's 
instructions. As the binding capacity for the columns supplied with this kit is 20pg 
of DNA, it was usual for the products of 2-3 PCR reactions to be combined onto one 
column. This did not adversely affect the recovery rate of PCR product. Typical 
yield of PCR product was 100-200ng / jil of DNA eluted into 30jl  dH2O. 
The resulting PCR products were then used as a template to synthesize 
dsRNA utilising the Megascript kit (Ambion). Typical reactions were set up in 
0.5m1 Eppendorf tubes as follows: 2pl of lox Buffer (as supplied). 2p1 ATP, 2pl 
GTP, 2p1 CTP, 2p1 UTP (all at 75mM, final concentration 6mM) 114g DNA template 
and 2pl of T7 RNA polymerase and RNAse free water to 20pl. The tubes were then 
incubated at 37°C for 3 hours. The RNA product was then purified by ethanol 
precipitation as follows; I/101b  volume 3M sodium acetate and 2 volumes absolute 
ethanol was added to each tube, which were then placed at —20°C for 15 minutes. 
The tubes were then centrifuged at 13000rpm, for 30 minutes at 4°C. The resulting 
pellet was washed with 500jd of 70% ethanol, re-spun at 13000rpm for 6 minutes at 
4°C, ethanol removed and air-dried. Finally the pellet was re-suspended in 401d of 
RNAse free water. The tubes were then placed in a water bath at 65°C for 30 
minutes and allowed to cool to room temperature over 3 hours. dsRNA yield was 
determined by spectrophotometric analysis (at OD 260nm) and agarose gel 
electrophoresis. Typical dsRNA yield was on average 3Jg/J1l, samples were stored 
at —20°C until required. 
Drosophila S2 cells were grown in Schneider's medium (Sigma) 
supplemented with 10% foetal calf serum (Gibco). Cells were counted and diluted to 
1x106 /ml in Expression medium (Invitrogen) then incubated either without RNA, 
with human intron dsRNA or with Drad2l or SAl dsRNA at a concentration of 
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30tg/ml for 1 hour at RT. Schneider's media, supplemented with 10% FBS was 
added back to the cells, which were then cultured in six well dishes (Costar) in a 
humidified incubator at 27°C. At each time point cells were harvested using a cell 
scraper for I mmunoblotting or i mmunofl uorescence. 
6.1.3 Preparation of Cultured Drosophila S2 cells for I,nrnu nob! oiling 
Cells destined for immunoblotting were counted, spun down at 2000rpm for 2 
minutes and re-suspended in IX PBS. One third volume of 3X sample buffer and 
0.1mM DTT were added to a concentration of 5x10 4 cells / pl. Cells were then 
sonicated for 20 seconds and boiled for 3 minutes. Samples were then boiled for 5 
minutes prior to loading onto SDS-polyacrylamide gels and /or stored at —20°C. 
6.1.4 Iminunobl oiling of Protein Extracts 
Proteins resolved by SDS-PAGE were transferred to ProtranTM nitrocellulose 
filter membrane (Schleicher and Schuell) in Towbin Buffer for 3 hours, 300 mA at 
4°C. The transferred proteins were visualised by staining the filter membrane with 
Ponceau S. The filter membranes were washed in I  PBS plus 0.1% Tween20 
(PBS-Tw), blocked with 5% w/v dried milk powder (Safeway) in PBS-Tw, washed 
in PBS-Tw and incubated with appropriate primary antibody in PBS-Tw for 2 hours 
at RT or overnight at 4°C. The filter membranes were then washed 2 x 5 minutes, I 
x 15 minutes and 2 x 5 minutes in PBS-Tw and then an appropriate horse radish 
peroxidase (HRP) conjugated secondary antibody in PBS-Tw was applied for 60 
minutes at RT. The filter membrane was then washed 2 x 5 minutes, 1 x 15 minutes 
and 2 x 5 minutes in PBS-Tw. Excess wash solution was drained off and equal 
volumes of enhanced chemi-luminescense (ECL) solutions (Amersham) were added 
for 1 minute, then the filter membrane was exposed to Kodak XAR-5 film (Sigma) 
before developing. 
6.1.5 Irnrnunofluorescence and Cylospinning 
For immunofluorescence, cells were grown on poly-L-lysine treated cover 
slips for the duration of the experiment. Cells were fixed in 4% paraformaldehyde 
(TAAB) in Cytoskeletal Buffer plus 0.5% TritonX-100 for 10 minutes at room 
temperature, then rinsed in IX PBS plus 0.1% TritonX-lOO (PBSTx). Cells were 
then blocked in PBSTx plus 10% BSA for 1 hour at room temperature. Primary and 
secondary antibody incubation was carried out in PBSTx plus 0.1% BSA for :!~ I 
hour and 30 minutes at room temperature, followed by 5 x 3 minute washes in 
PBSTx. The DNA was counterstained with DAPI, which was added at 0. 1 1uglml to 
the final antibody incubation. The coverslips were mounted Onto slides with Mowiol 
(Calbiochem). Slides were viewed on an Olympus Provis microscope, equipped 
with epifluorescence optics. Images were captured using an Orcall CCD camera 
(Hamamatsu) and SmartCapture 2 software (Digital Scientific). The resulting TIFF 
files were processed using Adobe Ph otoshopTM 
Cells destined for cytospinning were grown in six well plates, counted, spun 
down as described and re-suspended at 1x10 5/mI in either IX EBR for non-hypotonic 
treatment, or 0.25X EBR for hypotonic treatment. SOOpl of cells were then 
centrifuged onto poly-L-lysine treated slides at 2000rpm for 2 minutes in a Cytospin 
3 (Shandon) then immediately fixed and processed as above. 
6.1.6 Antibodies 
The polyclonal Drad2l antibody was raised in rabbits immunized with the 
full-length protein and has been previously described [Warren, et al. 2000b]. In this 
study the antibody was diluted at 1:500 for both immunofluorescence and 
immunoblotting. A full list of both primary and secondary antibodies is presented in 
the table below. 
Table 6.1 Antibodies 
Primary Antibodies Host Animal Dilution Reference 
Actin Rabbit 1:500 Sigma 
Barren Rabbit R1253 1:500 IBhat, etal. 19961 
CID Chicken 1:200 [Blower and Karpen 
20011 
Cyclin B Sheep 1:500 [Wakefield, ci al. 
2000] 
Drad2l Rabbit 1:500 [Warren. etal. 2000b] 
INCENP Rabbit 1:500 [Adams, etal. 2001b1 
Phosphorylated histone 
H3 
Rabbit 1:500 Upstate Biotechnology 
(1 tubulin Mouse 1:2000 Sigma 
SAl Rabbit 1:500 [Valdeolmillos, etal. 
2004] 
SMCI Guinea Pig 1:100 Dr. Sharon Bickel 
(unpublished) 
Secondary Antibodies Host / Antigen Source Dilution Reference 
A1exaT 
488 & 594 
Goat anti-mouse 1:500 Cambridge Bioscience 
(Molecular Probes) 
AlexaTM 
488 & 594 
Goat anti-rabbit 1:500 Cambridge Bioscience 
(Molecular Probes) 
Chicken IgY Mouse anti-chicken 1:200 Oxford Biotech 
Cy5 Donkey anti-mouse 1:500 Stratatech (Jackson) 
Cy5 Donkey anti-sheep 1:500 Stratatech (Jackson) 
HRP Donkey anti-rabbit 
Donkey anti-mouse 
1:10000 Amersham 
Texas Red Donkey anti-chicken 1:500 Stratatech 
All fluorescently conjugated secondary antibodies were pre-absorbed over night at 
4°C against Drosophila embryos to minimise background. 
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Transient Transfection Analysis 
6.2.1 Eclopic Expression of Drad2l Cleavage Mutants by Transient Tranfeciion 
Rebecca Keall, a post-graduate student in Dr. Bill Warren's lab (James Cook 
University, Townsville, Australia) generated the following constructs. Site directed 
mutagenesis was performed to produce specific base changes in the predicted 
separase cleavage sites of the Drad2l cDNA. These were then cloned into the 
pUAST expression vector. Five constructs were created as follows: pUAST Drad2l-
GFP (wild type full length). pUAST R175A (N terminus), pUAST RA474AG (C 
terminus), pUAST RA474AG-GFP and pUAST R175A + RA474AG (double 
mutant). Expression of these constructs was driven by the co-transfection of either 
actin-GALA or ubiquitin-GAL4. Transfection efficiency was scored by the addition 
of pUAST mouse CD8 —GFP. Cells were counted and diluted to 2x 10 6/ml in fresh 
Schneider's medium plus 10% FBS. Transient transfection of cells was carried out 
using the Effectene kit (QIAGEN) as per manufacturer's instructions. Briefly, DNA 
was diluted in E.C. Buffer (as supplied) to a total volume of lOOp1 in a 1.5ml 
Eppendorf tube. 3.2jl of Enhancer Buffer (as supplied) was added and vortexed for 
I second. This was then allowed to incubate at room temperature for 2-5 minutes. 
lOp! of Effectene reagent (as supplied) was added to the tube that was then vortexed 
for 10 seconds and then incubated at room temperature for 5-10 minutes. 600pI of 
fresh Schneider's medium plus 10 % FBS was then added to the tube and mixed by 
pipetting. The entire contents of the tube were then added drop-wise to the 
appropriate well of a six well plate. This method was used for all constructs. The 
initial amount of DNA used was varied to find the optimum concentration for 
maximum transformation efficiency. The concentrations used were 300ng, 600ng 
and lug total DNA per transfection. The transformation efficiency was ascertained 
by counting those cells positively expressing GFP when viewed using an appropriate 
fluorescence filter. The experiment was analysed at 24, 48 and 72 hours. 
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Tis2 Analysis 
Fly Strains Utilised 
Canton S Wild type Bloomington 
w 8 Wild type, w 
(white eyes) 
Bloomington 
EP (P) 1096 ITM6B iis2 Exelixis 
EP (P) 3093 /TM6B tis2 Exelixis 
EP (P) 3198 /TM6B tis2 Exelixis 
EP (P) 3256 /TM6B iis2 Exelixis 
EP (P) 3396 /TM6B iis2 Exelixis 
EP (P) 3471 ITM6B tis2 Exelixis 
EP (P) 3699 /TM6B iis2 Exelixis 
EP (P) 3737 ITM6B iis2 Exelixis 






Df(3R) BSC24, still call] 
/TM2,p[p] 
Deficiency 
85C04-09, 85 D12-14 
Bloomington 
Kevin Cook 
P iw+mc=GAL4Kr.CDC2l, P 
[w+mc= UAS-GFP.S65T DCIO], 
TM3, Sb' 
Kriipel GFP Thomas Kornberg, 
University of 
California 
eyeless-GALA I TM3 
All fly culture (unless otherwise stated) was carried out in a 25°C-humidified 
incubator (Percival Scientific). 
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6.3.1 List of ESTs and Plasinids Utilised 
Tis2- SD4170 (missing part of 3'UTR), SD2139 (missing part of 5' UTR) 
and SD2246 (full length) were all obtained from the MRC gene service and were 
supplied already cloned into pOT2. pGEX4T-1 (Amersham) contains glutathione S-
transferase (GST) gene fusion. 
6.3.2 Preparation of larval samples ft)r SDS-PAGE 
15-20 wandering third instar larvae of the appropriate genotype were 
removed from culture vials transferred to 1.5m1 tubes and rinsed 3x in IX EBR. 
300/41 of cold lysis buffer (lx EBR, 10mM EDTA, 10mM 1M DTT, 1014g/ml each of 
Chymostatin, Leupeptin, Antipain, and Pepstatin (CLAP). 1mM 
phenylmethanesulfonyl fluoride (PMSF), (all Sigma) and 1 unit Aprotinin 
(Calbiochem) was added to the tubes. The larvae were then homogenised using a 
polytron (Kinematic) starting at lowest speed and gently increasing the speed to the 
maximum for -2 minutes. 150/41 of hot (70°C) 3X Sample Buffer +10/41 DTT was 
added to the homegenate and the tube placed at 100°C for 10 minutes. Particulate 
matter was spun down at 13000rpm for 2 minutes, and supernatant transferred to a 
fresh tube. Samples were stored at —20°C until required. Protein samples were 
resolved by SDS-PAGE on 4-12% bis-tris pre-cast gels (Novex), transferred to 
nitrocellulose filter membranes, and processed for immunoblotting as described 
above. 
6.3.3 Affinity Purification of Tis2 Antibodies 
Peptide specific antibodies were generated in four New Zealand white rabbits 
(Scottish Antibody Production Agency). Two were produced against the N-terminus 
sequence "MSTAVETGSSPAKSN" (N 107-844, N 107- 862) and two against the C-
terminus sequence "CVRDIKLVERRRRNS" (C 107-941, C 107-967). Bleeds were 
obtained prior to immunization (pre-immune) and on days 53, 74 and 81 after 
immunization. Further peptide synthesis and coupling of peptides to sepharose beads 
was carried out by a specialist biotechnology company (CovalAb). These beads 
were then used to affinity purify the Tis2 antibodies from sera N 107-844 (Day 81) 
and C 107-967 (Day 81). 1 m of beads were transferred to a 15m1 tube then spun 
down at 500rpm for 2 minutes at room temperature. Beads were then washed 3 
times with 10 volumes of IX TBS to equilibrate. Imi of each serum plus 0.5% 
sodium azide was pre-cleared by passing through a 45,um cellulose acetate syringe 
filter (Sartorius) and added to the beads, then incubated overnight at 4°C on a 
rotating wheel. 
The following day the serum was removed and a small aliquot preserved for 
immunoblotting analysis. The beads were then transferred to a "sepharose" column 
(previously equilibriated with 2m1 of lx TBS) and washed 5 x 2 volumes of TBS, 5 
x 2 volumes of TBS + 0.02% Tween-20, 5 x 2 volumes of TBS + 0.02% Tween-20 + 
0.5M NaCl and finally 5 x 2 volumes of TBS alone. These washes remove 
unspecific and weak binding proteins. The affinity-purified antibodies were then 
eluted off the beads by washing 3 times with 200141 of each Elution Solution (0.2M 
NaCI, 0.2M Glycine, pH3.0, pH2.5 and pH2.0). The eluted antibody solution was 
immediately neutralized in 1/5th  volume (50/41) of IM Tris pH8.0. These antibodies 
were then dialyzed in batches of 300/41 through 0.02514m dialysis disks (Millipore) 
against IX lBS for 1 hour at 4°C, then 25% glycerol was added and the antibody 
stored at -20°C. Each elution was analysed by immunoblotting and 
immunofl uorescence. 
6.3.4 lininunofluorescence on Unfixed Gytospun Cells 
S2 cells were diluted into either 0.25X EBR or 1X Cytoskeletal Buffer and 
cytospinning was carried out as described previously, with the exception that the 
primary antibody (Tis2N 107- 844 day 71, diluted in 1X PBS + 0.5% BSA, 1:150) 
was pipetted directly onto the unfixed cells and incubated in a humidified box for 1 
hour at 18°C. Slides were then transferred to 4% PFA diluted in 1X PBS for 3 
minutes to fix the cells and primary antibody. A mouse monoclonal antibody to 
heterochromatin protein 1 (HP1) was also used; this antibody was diluted at 1:150. 
Secondary and tertiary antibodies were applied as previously described. 
6.3.5 hntnunoprecipiiation of Tis2- Associated Proteins from S2 Cell Extracts 
A number of different protocols were used in an attempt to 
immunoprecipitate Tis2 protein (and any other associated proteins) from S2 cell 
extracts. The following method gave the best results for immunoprecipitating 
Drad2l protein, which was used as a positive control. 250J4l of Dynabeads (M-280, 
Sheep anti-rabbit IgG, Dynal Biotech) were placed in a 1.5m1 Eppendorf tube and 
washed 3 x 5 minutes with imi IX PBS on a rotating wheel. In between each wash, 
the tube was placed in a magnetic rack that attracted the beads to the side wall of the 
tube, this allowed the wash buffer to be removed by pipette. The beads were then 
split into 5 x 50p1 aliquots in fresh tubes and incubated with 1:50 dilution (in 500141 
total volume) of the following; no antibody, pre-immune serum (rabbit 107 844), 
Tis2 N 107-844 (day 81), Tis2 C 107-967 (day 81) and Drad2l (rabbit 737). The 
tubes were placed on a rotating wheel and incubated overnight at 4°C. 
The following day 30m1 of S2 cells (at 5x10 6/ml = 1.5xl08 total) were 
centrifuged at 2000rpm for 5 minutes at room temperature, washed with lOml IX 
PBS, then re-spun as before. The PBS was removed and the cell pellet was re-
suspended in 2.5m1 ice-cold lysis buffer (75mM KCI, 1mM MgCl, 1mM EGTA, 
0.1% TritonX-100, 50mM HEPES, pH 7.6 IDr. Alison Pidoux]) and incubated on ice 
for 15 minutes. The lysate was then pulse sonicated for -4 minutes on ice, a slight 
colour change was perceptible in the lysate that indicated sonication was effective. 
The sample was then centrifuged at 13000rpm, 4°C for 15 minutes to pellet the 
particulate matter. The supernatant was retrieved and split equally between two 
fresh tubes. 50pl of fresh, IX PBS washed Dynabeads was added to each tube and 
incubated on a rotating wheel for 30 minutes at 4°C. This was done to pre-clear the 
cell lysate and to reduce background binding of any particularly sticky proteins to the 
beads. 
Simultaneously, the beads being incubated with (or without) sera, had the 
sera (or buffer) removed and were then washed 3 x I ml cold 1X PBS and 3 x I ml 
cold 0.2M Tri ethanol amine. The antibody was then cross-linked to the beads by 
incubating with 5.4mg/mi Dimethyl Pimelimidate (DMP) for 30 minutes at 22°C. 
The DMP was removed and the reaction was stopped by the addition of ImI 50mM 
Tris, (pH 7.6) for 15 minutes at room temperature. The beads were then washed 3 x 
imi cold lysis buffer and 500p1 of pre-cleared lysate was added to each sample and 
incubated on a rotating wheel for 3 hours at 4°C. The beads were washed 4 x lml 
cold lysis buffer and finally re-suspended in 40141 lysis buffer, 20pl of 3X sample 
buffer and 6jd 1M DTT. Samples were stared at —20°C and boiled for 10 minutes 
prior to loading on a pre-cast SDS PAGE gel. Samples were also taken throughout 
the various stages of this protocol for analysis. 
Alternative Lysis buffers were also tried in an attempt to improve the 
efficiency of the immunoprecipitation. These included RIPA Buffer (150mM NaCI, 
1% Nonidet-40, 0.1% SDS, 0.1% Sodium Deoxycholate, 10mM EDTA, 40tg 
CLAP, 1mM PMSF, I unit Aprotinin, 50mM Tris, pH 7.2.) and Lysis Buffer for S2 
cells (150mM NaCl, 1% TritonX-100, 0.2mM EDTA, 0.2mM EGTA, 10mM MgCl, 
25mM NaF, 25mM 3-Glycophosphate, 1mM NaVO4, 1mM GDP, 1mM GTP, 1mM 
PMSF, 10mM Tris pH 7.4). 
6.3.6 dsRNA Interference on S2 Cultured Cells (Alternative Method) 
RNAi was carried out on S2 cells as previously described for Drad2 1 (6.1.2), 
with the exception that dsRNA was generated from three different PCR products 
specific to the Tis2 cDNA. Standard RNAi techniques failed to knock down the 
level of Tis2 protein as detected by both immunofluorescence and immunoblotting 
so (upon advice from Dr. Edan Foley, UCSF) a slightly different approach was 
employed. S2 cells were counted and diluted to lx 106  Irnl in Schneider's medium, 
then either no RNA or 10jg, 20pg or 40J4g /ml of dsRNA was added to each sample. 
The cells were starved for 1 hour and media supplemented with 10% FBS was added 
back. The cells were permitted to grow for 4 days and samples were taken for 
analysis by immunofluorescence, immunoblotting and RT-PCR. The cells were then 
re-split, diluted with Schneider's medium and re-incubated with the same quantity of 
dsRNA. Cells were permitted to grow for a further 4 days, samples were then taken 
for analysis by immunofluorescence, immunoblotting and RT-PCR. 
6.3.7 Reverse Transcriptase PCR of S2 Cell Extracts 
Cells were harvested and counted and the RNA extracted using the RNeasy 
kit (QIAGEN) as manufacturer's instructions for animal cells grown in suspension. 
In general, cells were centrifuged at 2000rpm for 2 minutes at room temperature and 
re-suspended in 350pI of RLT buffer (supplemented with lOjiI of f3-
Mercaptoethanol), the cells were then homogenised by vortexing for 1 minute. One 
volume of 70% ethanol was added to the lysate and mixed well by pipetting. The 
lysate plus ethanol was then transferred to an RNeasy mini spin column and spun at 
10000rpm for 30 seconds at room temperature. The column was then washed with 
700jl of RWI Buffer (as supplied) and centrifuged as above. The column was then 
transferred to a new tube and subject to a second 500jl wash of RPE Buffer 
(supplemented with 4 volumes of 100% Ethanol). The column was spun at 
10,000rpm for 2 minutes at room temperature to remove the ethanol wash. The 
column was then transferred to a fresh tube and the RNA was eluted into 30jil of 
RNase free dH 20 by spinning as for the previous step. 
The concentration of RNA was ascertained by spectrophotometric analysis 
(OD 260nm) and further confirmed by agarose gel electrophoresis. RNA was then 
subject to treatment with DNAse 1 (Invitrogen). 6pl of RNA was incubated with lpl 
buffer (as supplied), lJ41 of dH20 and 1jl of DNAse 1 at 25°C for 15 minutes in a 
0.5m] Eppendorf tube. lpl of 25mM EDTA was then added and the tube transferred 
to 65°C for 15 minutes to stop the reaction. 
Generation of reverse transcribed PCR products was performed using the 
Access RT-PCR kit (Promega). Typical PCR reaction was set up as follows: 10/41 of 
5X Reaction Buffer (as supplied), 50pMol 5' primer, 50pMol 3' primer, 25mM 
MgSO4, 25mM dNTPs, (+ or -) 1/41 (5U) of Avian Megalo Virus reverse 
transcriptase, lpl (5U) Tfi DNA polymerase and 2.5p1 of RNA (from DNAse 1 
digest) dH 2O to SOpl. All items were added in order to a 0.5m1 Eppendorf tube and 
subject to the following incubations in a PCR machine: 
Is' Strand synthesis 48°C for 45 minutes 
94°C for 2 minutes 
2x Strand synthesis 94°C for 30 seconds- denaturation 	* 
92 
60°C for 1 minute- 	annealing 	* 
68°C for 2 minutes- extension 	*X 40 
68°C for 7 minutes 
4°C pause 
The resulting products were analysed by agarose gel electrophoresis. The positive 
control primers used in this experiment were poly 1 & poly 2 and the experimental 
primer combination was Tis2 3 (5') 748-771 and Tis2 4 (3') 1178-1155 (see Primer 
Table 1). 
6.3.8 Cloning Tis2 into a Bacterial Expression Vector 
Full length Tis2 from the SD4170 EST was cloned into pGEX4T-1 utilising 
the Sinai and Xhol restriction enzyme sites. As there were no suitable restriction 
sites in the existing EST, the desired sites were incorporated by PCR using the 
primers listed in Primer Table 1. The anticipated PCR product size was 4.1kb, so it 
was deemed necessary to use a long range PCR approach. Typical PCR reactions 
were set up as follows: SOng template, 250pMol 3' primer and 250pMol 5' primer, 
25mM dNTPs, 1 X Buffer (as supplied). 2.51J Herculase® enhanced DNA 
polymerase (Stratagene) and subject to the following incubations in a PCR machine: 
92°C for 2 minutes 
92°C for 30 seconds- denaturation 
	* 
54.5°C for 30 seconds- annealing 
	* 
72°C for 4 minutes- extension 
	
*X 30 
68°C for 10 minutes 
4°C pause 
10 reactions were set up in total and 2-3il of t he resulting products were 
analysed by agarose gel electrophoresis. All the remaining reactions were pooled 
together and the DNA dc-salted by ethanol precipitation (as described previously) 
then finally re-suspended in 20ul of dH 2O. Both Tis2 PCR product and pGEX4T-1 
were subject to restriction digest as follows; SOOng of each template was incubated 
with 2.5141 of Xhol, 2.5/41 of Smal (both NEB), 5/41 Buffer 4 (as supplied) and dH 20 
to 50/41 for 2 hours at 37°C. All SOpl of each reaction was run on a IX TAE, 1% low 
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melting agarose gel stained with ethidium bromide (2pgIml). The resulting bands 
were visualised with UV light and excised from the agarose gel. The DNA was then 
purified from the agarose using the Perfectprep® Gel clean up kit (Eppendorf) as per 
manufacturer's instructions, with the exception that each DNA was eluted into 25/41 
of dH2O. The concentration of the purified DNA was checked by agarose gel 
electrophoresis and the following DNA ligations were set up; 120ng of Tis2 to 20n-  
of pGEX4T-1 and 240ng of Tis2 to 40ng of pGEX4T-1 with 1/41 of ligase buffer (as 
supplied), Ijil of T4 DNA ligase (Promega) and dH2O to 10/41. Ligations were 
placed at 16°C overnight. The next day 4pl of each reaction was electroporated into 
80/41 of XL-! Blue E. coil cells (2.5kV, 200 Ohms, 25/4FD). lml of SOC was added 
and the cells were allowed to recover for 1 hour at 37°C. Then 400p1 and 200p1 of 
each culture was plated onto LB ampicillin agar plates and placed at 37°C overnight. 
The following day each plate was found to contain an average of 200 
colonies. "Colony boils" were used to screen through approximately 140 potential 
clones. In brief, 5 colonies were picked with a yellow pipette tip and replica plated, 
then each pipette tip was rinsed in 20pl of dH 20 in a 0.5m1 tube, this was repeated 
for 28 tubes worth. The samples were then boiled for 10 minutes on a 100°C heat 
block. 2/41 of each boil was used as template DNA to screen for those clones 
containing Tis2 DNA by PCR. Typical reactions were set up as follows; dH 20 to 
25/41, 2.5/41 of lOX buffer (as supplied), Mg 2 to 3mM, 50pMol 5' primer (Tis2 3 (5') 
748-771), 50pMol 3' primer (Tis2 4(3') 1178-1155), 0.2mM dNTPs, 2/41 template, 
1.5U pfu DNA polymerase (Promega). Positive control reactions were also set up 
which containing 50ng of the original Tis2 EST clone in the pOT2 vector. The 
reactions were then subject to the following incubations in a PCR machine: 
95°C for 2 minutes 
95°C for 30 seconds- denaturation 	* 
60°C for 30 seconds- annealing 	* 
74°C for 2 minutes- extension 	 30 
74°C for 5 minutes 
4°C pause 
lOjil of each PCR reaction was analysed by agarose gel electrophoresis. 
Three reactions were found to produce a band of the predicted size. The 15 colonies 
from the replica plate appertaining to these reactions were picked and incubated with 
2ml LB broth supplemented with ampicillin overnight at 37°C. The plasmids from 
these cultures were then liberated by miniprepping and eluted into 40,l of dH2O. 
Diagnostic restriction digests were then performed on each plasmid DNA to establish 
which clones appeared to contain the correct inserts. A typical digest was set up as 
follows; 2pl miniprepped plasmid DNA. lpl Xhol, ljd Smal, 2pl buffer 4 (as 
supplied), dH 20 to 20jl. Digests were placed at 37°C for 1.5 hours, then analysed by 
agarose gel electrophoresis. Three clones were found to contain the appropriate size 
inserts. These clones were then sequenced using pGEX 5' primer. 
6.3.9 Bacterial Expression of GST-Tis2 
4jl of Tis2 in pGEX4T-1 were electroporated into 80pl of BL2I E. coli cells. 
The cells were then permitted to recover in lml SOC for 1 hour at 37°C. 50jil and 
SOOjil of the culture were then plated onto LB agar plates supplemented with 
ampicillin and incubated overnight at 37°C. Two colonies were selected and also 
permitted to grow in 5m1 LB broth supplemented with ampicillin overnight at 37°C. 
The following day 2 x 500m1 of super broth (containing appropriate antibiotics) were 
inoculated with the 5m1 bacterial cultures and permitted to grow at 37°C with 
shaking. Optical density at 600nm was measured periodically over 2.5 hours until it 
reached 0.6. At this point expression of the GST-Tis2 protein was induced by the 
addition of IPTG to a final concentration of 0.1 mM. A I ml sample was taken from 
each culture prior to addition of IPIG and processed for SDS-PAGE. In short, the 
bacterial cells were transferred to a 1.5ml tube and centrifuged at 8000rpm for 2 
minutes. The cells were then re-suspended in 500/41 of 1X PBS, the re-spun as 
above. The cell pellet was then re-suspended in 110/41 of cold lysis buffer (1 X PBS, 
100mM EDTA, 0.05% Tx-100, lOpg CLAP, 1mM PMSF with 70/41 3X Sample 
Buffer and 20/41 of I M DTT), then sonicated for 30 seconds and boiled for 2 minutes 
and stored at —20°C until required. 
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After 2 hours of induction, the 0D600 was recorded and another imi sample 
taken and processed as above for SDS-PAGE. The 500ml cultures were then split 
into 2 bottles and centrifuged at 4000rpm, 4°C for 15 minutes to pellet the cells. 
Each pellet was then re-suspended in 15m1 of 1X PBS, and two pellets for each 
culture were combined. Cells were centrifuged as before and then re-suspended in 
6ml of cold lysis buffer and kept on ice for all subsequent steps. Freshly prepared 
lysozyme was added to each lysate to a final concentration of 1mg/m1. and the 
lysates were pulse sonicated for 2 minutes on ice. In order to completely disrupt the 
cell membranes, TritonX-100 was then added to a final concentration of 1%. The 
lysates were then centrifuged at 10000rpm, 4°C for 5 minutes. The supernatant was 
preserved, and the pellet was re-suspended and processed as above for SDS-PAGE. 
Concurrently, 4m1 of glutathione sepharose (Amersham) beads were first 
washed with 2 x 10 volumes of lx PBS, then re-suspended in 4m1 of cold lysis 
buffer. The supernatant was added to the beads in a 4:1 ratio and incubated 
overnight at 4°C on a rotating wheel. The following day the beads were washed 5x 
with 5 volumes of IX PBS + 1% TritonX-100, then once with 5 volumes of 50mM 
Tris (pH 7.6) + 150mM NaCl. Half of the beads were then re-suspended in 3X 
Sample Buffer + 100mM DTT and the other half of the beads were incubated with 
2m1 10mM glutathione for 1.5h at 4°C. The beads were pelleted with a gentle spin of 
500rpm and the supernatant preserved. The remaining beads were re-suspended in 
3X Sample Buffer + 100mM DTT. All samples were stored at —20°C until required. 
6.3. 10 Drug Induced Perturbation of Cell Cycle 
S2 cells were counted and diluted to 1x10 6/ml in fresh Schneider's medium 
supplemented with 10% FBS. The cells were then transferred to 6 well plates or T25 
flasks and incubated in the presence of the following cell cycle disrupting drugs: 
Trichostatin A (50, 100 and 200ng/ml), Distamycin A (5, 10, 201g/ml) Hoechst 
33283 (50/Ag/mI) for between 16— 24 hours. The cells were then centrifuged at 2000 
rpm for 2 minutes washed in IX PBS then re-suspended in fresh media containing 
Coichicine (0.1/Ag/mI) and incubated overnight (16 hours). The cells were then 
harvested, counted and processed for cyto-spinning or immunoblotting analysis. 
Primer Table 
Table 6.4 Primer Table 
Primer Name Primer Sequence 






SA 1 RNAi 5 rFATATCGACTCACTATAGGGAGAATACGTATGGAT 3 
5 TrATATCGACTCACTATAGGGAGAGCACAAAATCGC3 ' 
Tis2 RNAi 
1(5') 192-208 'rrAATACGACTCACTCTCGGGAGATAGAAGGCAGCGATGTCC 3 
2(3') 868-852 5 TFAATACGACTCACTATAGGGAGAGCCGCCTAGCAGA1ITGGT3 
3(5) 748-771 ST7AATACGACTCACTATAGGGAGAACACCCGCCTGGACAGA1TCGTFC3 
4(3') 1178-1155 TFAATACGACTCAcTATAGGGAGAGAGGGATFGGGTGGGCGTGTAGAC 3 
5 (5') 3509-3528 5 TFAATACGACFCACTATAGGGAGAGGACACGCTGG1TACCFGTT 3 
6(3') 4125-4106 5 'TTAATACGACTCACTATAGGGAGACCAGCGCGTT'CTCAGACACA 3 
poly I 5 CCTGCTAGCCTGTGGACT 
poly 2 5 AGCCTTTAGAC'VI'TGACC 
Tis2 Sma 1 5 ATGCCCGGGGCGATGTCCACCGCCGTTGAAACG 3 
Tis2 Xho I 5 ATGCI7CGAGAGTCGTGGTGCCAGCTTCGGTFG3 
Tis2 GFP Not I GCGGCCGCCATGTCCACCGCCGYTGAAACG3 
Tis2 GFP Xba 1 5 TCTAGATCAGTCGTGGTGCCAGCTfCGGTF3 
pGEX 5' GTGATCATGTAACCCATCCFG3 
pGEX 3' 5 CCGGGAGCTGCATGTGTCAGAG3 
EP (P) Element 
pLac 1 (5') EP 5 CACCCAAGGCTCTGCFCCCACAAT3 
Pry2 (3') 5 TTGCCGACGGGACCACCTTATGTFATF3 
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Appendix Figure 1.1 Optimising DNA Concentration for Transformation Efficiency 
S2 cells were transfected with different (total) concentrations of pUAST mouse CD8 plus either 
actin-GAL4 or ubiquitin-GAL4 plasmids. The cells were counted and harvested at 24 hour time points, 
then fixed with 4% parafomaldehyde and counter stained with DAPI. The number of GFP-positive cells 
was scored, and the transformation efficiency was calculated. 
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460 470 480 . 	. 	. 	490 . 	. 	. . 	500 
gL24645257D.meIanogasterSLVFGGNF LHSFGI L K T A S V E D S T K VP - - - - - - - - - - - - - - - - - -  
9L31241477A.gamblae SLVFGGNF LHSFGI L KITOVEDNTK VP ------------------ 
gL34861406R.norveglcu5 TLVFCGNF LHSFNI L KIYSIEDPTR VP - - - - - - - - - - - - - - - - - -  
gL16306580H.sapiens T L V F G G N F 
IT 
LHSFNI L K 	YNIEDRIR VP - - - - - - - - - - - - - - - - - -  
gI ..57100303CiemIIIarla T L V F G G N F LHSFNI L KIVNIEDATR VP - - - - - - - - - - - - - - - - - -  
gL52138911X.IaevIs S L V F G G N I L H S F N I L R V F E I SOfIA V 	- - - - - - - - - - - - - - - - - -  
gL54112382H.saplens S L V F G G N I L H S F N V L Al 	Y E I EDATR V 	- - - - - - - - - - - - - - - - - -  
gL55249585X.tropical13 L V F G G N F LHSFNI L P1 YSILRTR VP - - - - - - - - - - - - - - - - - - 
01/25/2005 02.5118 AM 
gi48094995A.meltitera SLVFGGNF LHSFGI L KVAOVEEHTK VP 
gi_47215707T.nlgroviñdis TLVFGGNF LHSFNI L N I 	Y S I 	E D R T R VP 
gi_50794285G.gaiius TLVFGGNF LHSFNI L RI 	YS1 	EDRIA MA 
gi50233834M.musculus TLVFGGNF 
ID 
LPISFNI L JH KI 	YSI 	EDRTR VP -------- gi48094803A.meliifera SLVFGGNF VHSLNI 1 CI YELEKKMK TP -------- gL190756885.pombe TI 	SI 	AGNF LTFLH1 L SI YNLELOLG I 	E gi32565556C.eiegan5 SLVFGGNF LHSOSC L RVYOVENKLN IT -------- gi_6320892S.cerevisiaee SLVFGGNF LTIRDL L K I 	V E I 	E K L T K VP - - - - - - - - 
Consistency - 0 0 0 0 0 0 0 0 0000000000 





gi ..52138911 X.iaevis 
gi_54112382H.saplens 
gi_55249585 X tropicalis 
gi48094995 Amellifera 







Consistency 	 0000000004 
520.. ..... 	530..... 
F R Y P F F M Y V L - - - - - 	- - ARY'HTLL 
FAVPFF M Y V L - - - - - 	- - AKYvTLL 
F R Y P F Y M WYVL - - - - - 	- - ERYVCIT 
F R Y P F Y M Y V L - - - - - 	- - ERYVYCIT 
F R Y P F Y U VVL - - - - - 	- - LAY. 	Id 	I 
FAYPFY M Y V L - - - - - 	- - ERYSCILT 
F R Y P F Y M Y V L - - - - - 	- - ERYvICVT 
FAYPFY M Y V L - - - - - 	- - ERY.YCMM 
F R Y P F F M JE YVL -------ERYVHVLL 
FRYPFY M YVL -------ERYL VOLT 
AEKPOD G HLL 	 ACE GSTV 
FRYPFY M YVL -------ERYVYCIT 
FOYPGF I FAA -------KKLLKELK 
VOYPYF i VIA -------I NFl LAFP 
FRLPYN L FYVI 	-------ADYV1cOWT 
FTFPKF V K L C - - - - - 	- - EYLALQKN 
4 5 00000 	00 
GHSH 	GEAS 
GH - E G E P 
NR 	LTKEFQ 
N A L I K E F 0 
NA 	LIKEFO 
K V L  KEYO 







D 'SRDGI 0 
GAL 	VAPLAI 
XI DVSOGD 
560 570 580 590 	 . 	600 
gi_24645257D.meianogaste'LSEDEMA$. 1 oHLIHHELF GLKErV MYLVDIPPOK_________________ 
gL31241477A.gambiae L2REHELV,.......VI-ILTNYELF GLKDI V 	MYL YDLPA0I< 
gL34861406R.norvegicus K E S L S M D MELNELESON GDEEGADKEA RRMNSI< 
gi_16306580H.saplens 'ESLSMD V E L N G L E S G N GOEEAVOREP R R L S S R 	- 
gi_57100303C.famiIiarls E S L S M D L E L N G L E S G N GDEEAVDREP RRLSNRFI 
9L52138911X.iaevis -1ESM1 	TDRKP SLDSHSSDSW L E M E 	E E S CDI HI K 	----- 	00K 
gi_541123821-Isapiens - ESMLiDAPR KPSIDGFSSD SWLEMEEEAC 000POE 	- ----- 
gi_55249585X.tropicaiis IESLSI 	OLEL NGRORPDTPS SSSSSSSSGL SSSSDNEI ,iEEEEGL 
gL48094995 A.meilitera 
gI_47215707T.nigrovlridis .<YSLGLG 	- LTPSDLESYG QTGSGGPEGL OAEAES 
gI_50794285G.9aIIus 'VNVNDL 141(FRYPFYVE MCWYVLERVV Y C I T S R S 
gL50233834M.muscuius KESLSMD 	-- MELNELESON 00000VDREA RRMNNI( 
gL48094803 A.meilifera V Y L L 	 - - 
9L19075688S.pombe JIIA - 	--- - -- - 	 - 	 - 	 - - 	 - 	 - 	 - - 	 - 	--------- --- ----- 	 ----- 
gi_32565556C.elegans - VOAKY - 
g16320892 S.cerevisiaee L L S A I 
Consistency 2000 2212112211 2123121222 1222230000 	0000010001 
650 
KSPPGSQ 	- 
H P D L N V S - 
NGVNLDY 	- 










9L34861406R.norvegicus -----------  - - - - - - - - - - - - - - - - - - - - -ASVLTSPVA 
gL16306580H.sapiens -- - - - - - - - - - - - - - - - - - - - R.SVLTSPVA 
gL57100303C.tamiliaris L G K IC A 0 S H N GOV WO PC 
gi52138911X.Iaevis -- 	E K P S K ------------------- 3SGDESSTIN 
gL54112382H.sapiens RORAPK - -  - - - - - - - - - - - - - - - - - -PTDGSTSPT 
9L55249585X.tropicaiis D R C R V - - - - - - - - - - - - - - - - - - - -. RELQRXRNR 








Consistency 0000000000 0000000000 0000000000 0121111111 
660 ...... 570 ... 	 680 650 
gL24645257D.meianogaster LLYD RTRVi l&EvI 
gi_31241477A.gambiae 
- ------------- 
- - - - - - - - - - - - - 	YIRE HYEYY Vr4EGP 
gi_34861406R.norvegicus - - - - - - - - - - - - - - - - DGLG KACA 	- - - - - - - - 	SLPNL 
gL16306580H.sapiens - - - - - - - - - - - - - - - - OGLO K T C R 	-. ------- SLPSL 
gi_57100303C.tamiliarie 0 S L P L H K K C A L I 	A 0 V 
gi_52138911X1aevis - -------------- -DAAE KX0KAI --------  LMOOL 
gL54112382H.sapiens - - - - - - - - - - - - - - - - rALG KKPKArI ------- :ALRFL 
gL55249585X.trOplcaiis - - - - - - - - - - - - - - - - 	808 HOR 7 	 E 	R I 	I 
gL48094995A.meliifera - - - - - - - - - - - - - - - . Dl 
gL47215707T.nigroviridis - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - 	fDA 
gL50794285G.gaiius L P A L 









A DNA A 080 ED 
1< K I L S G  S S S 
K K I L A G  S S S 
KAROPSPSTP 
K A T L S ND S 0 0 
K AT L S NE SEE 
I H T L P A S L R P 
SE S CA OHS VP 
A TO V K DO AT A 
K.KSPSI DSSD 
K K T L SC-OS S S 
3232212322 
720. 	 740.... 
gi24645257 D. melanogastr A REAESDTSO 1& - - - - - - - - I&VGSVIGMG AG 	 N G S G 
gi . 31241477A.gamblae 	EEDDEEGVEE - - - - - - - - - - - *ENRRRNAD HE ISGON 
gl_34861406R.norvegicus )SSRGSHNGQ 	---------- ywopacspp KO 	------- H L T H 
3 
gi_16306580Hsapiens ,:CSRGSHF1G1 .wDPCAPR 
gI_57100303C.famillails LPTL0000WA L LPSCHLPLOS 
gi32138911XJaevs S K S I 	VHS 	0 F - - - - - - - - - KTPTGSPA 
gi_54112382H.sapiens VXSTTLAD _ 	- - - - - - - - - LKTPTGSPA 
gi_55249585 X.tropicaiis L I P P P S L P L P -  - - - - - - - - - - - p OS P P S 
gL48094995 A.meilitera 'j H H 0 H - 
gL47215707T.nigroviridis .tKPKH 
gL50794285 G.gaiius S S P C S H N I 





Consistency 222121101 0000000000 001111121 
760 1 	 1 	 1 	 77L 
gi_24645257Dmeianogaster G LP _____ LX Y R P P K K M H 
gi_31241477A.gambiae 0 ,,.....,S P - 	- H A 00 P HR OS 
gi_34861406Rnorvegicus  C- LRCLV DXLSLP- H K K C V P 
gi_16306580H.sapiens  ,LRCLV DKLES_P1 - 4 K K C V P 
gi_57100303CfamiIloris  LJSPRSS EII01LP SRTALF 
gl_52138911XIaevis  CLKALV E K L E S L P - ----- IKKCVP 
9L54112382H.sapiens  LILLKALV EKLESLp - - - - -IKKCVP 
gi_55249585Xtropicaiis  ILRCLV IL 
 
LXLESLP - - - - - LXI(CLP 
gi_48094995A.meiiiteca  LLKAIV M Y L H S L P - 
gi_47215707T.nigroviridis  C. L W 	L L 0 XL E E L. P - 
- - - - -TKKNVP 
- - - -- 	-i K K C A P 
gi_50794285 G.geiiue  -Ci L P C L V 0 K L E S 	P 
- - 
- - - - 	'-4 K K C V P 
gi_50233834M.muscuius  C -LRCLV D K L E S L P 
- 
- 
-  -- - - 	IKKCVP 
gL48094803 A.meiiifera  I 	L 	0 W i I C K C Y 	M 0 	C 0 	P 
gL19075688S.pombe  CI 	P4AF TEQE 0 - 
------ 
- - - - FEELLN 
91_32565556C.eiegans CGHHKK I 	OYSOYE - - - - - - - - GVELT 
gi_6320892S.cevisiaee - - ------ --- -- --------- 
Consistency 45 	4 	54344 34444 	200 0000355355 
'4 L I H 
IC O E A A 
H L T E 
'ILTE 
- L T W 
 - ILTP 
- 'LIT 
 -ILTH 





LATAL- - - VA 	AAASSSS000 
GETAD- - - CD 	A N G T S R S P I S 
T G I E D E D A L I A 
T G I 	€ ---- QEDAL.I 	A 
DKTKCI 	 JHEPROLOS 
EQI 	E ----- DPOALLE 
€01 	E 	----- DPOALLE 
001 H 	- - - - - 	- 	DPEALI F 
E L I R 	- - - - - 	- DPVALIH 
001 P 	- - - - - 	- 	OPSALLN 
T G I E - - - - 	- 000ALI A 
TOlE 	- - - - 	- - 	D E D A L I A 
E T I 	N 	- - - - - 	- -SUKLLK 
YLVI 	- - - - - 	- - -- 	RAQ!LR 
NDMI 	- - - - - 	- - 	DEESTX 
3353000000 	0004445553 
K  RW 
I SOSCMWV 
ID MPC K LI 
1EV SA K WI 
T S P 
01125' 	 - AM 
850 
gi_24645257D.meIanogas  ter G 	 SA V V G S S H S P T G 3V TGAG GAl S 	SlAT SSS 
gi_31241477A.gamblae 	S TMGP P A R Y N N H H H G N-. 	 COP N F V S POPT SON 
gi_34861406R.norvegicus DI-- L.-  EE L A S S D P K L A L T.VPI VQWPK R D K L K F P T R P K V R 
91_16306580H.sapiens 	D I.LEE LANSDPKLAL T -VPI VQWPK R D K L K F P T R P K V R 
9L57100303C.tamlflarls 0 	 LEE LANSOPKLAL TCiVPI VOWPK R D K L K F P A R P K V R 
gL52138911X.iaevis 	D 	- 	 K 	H A D D D N N L A I 	SCVPVVMWPK XP 	 S K N R 	-- -- 
gi_54112382H,saplens G 	- [XE HA000PSLAI 	TC-  VPVVTWPK XI - 	P KNR 
gl_55249585X.tropicalls 	0 	- 	 ED HAHDPPELAL T -IVPI IQWPK RS  IIEV PP K  0 
gl_48094995Ameilifera 0 	- -E 	H R H D N P E A A V TC14PVLPPPP ALT- -RE R R 
gl_47215707TnigrOvirldls 0 	- 	L. K Q CAL DC P K L S V I "- E P I V K WP E A 
gl_50794285Ggallus 	0 	- S 	R S G D C G I L L K P G L L L L G T F S A P S T L L G P T R V L E 
gi_50233834MmuscuIus 	0 	- 	LEE L A S S D P K L A L T(-  VPI VOWPX RDXLKFPTRP K V R 
gL48094803Amellitera 0 	- I - 	H A E R Y L M S L N PDXPERESKA KKKKPLNXDF VOY- 
gi_19075688S.pombe 	0 	- 	 VNEPVKI S K N NCYNSAYTMV PPDLDEI CV 	FVQ 
gL32565556C.elegans 0 ENSLFGYPMV S A T F S A D T G LEE€ADEDEV KVO 
gi_6320892 S.cerevisiaee 
Consistency 	 3 0 0 4 4 4 	4 3 	 - 	 - 	- 	-. 	0 0 0 0 2 
860 	 870 	 880 	 - ' S 890 ......... 900 
gL24645257D.melanogaste - E000VGGI L NMDNCHSPEG GO- 	 NLV 
gi_31241477Agamblae 	SPSSGVGR 	 G P Y K K H G T G NS J(R DOG 
gi_34861406R.norvegicus T I P I T K P H T MKPAPPLTPV PP -- 	A S P I VSG - 
gi_16306580H.sapiens 	'TIPI T K P H T MKPAPRLTPV PP 	- - A S P I V S G 
gL57100303Ciamillaris 'TIPI TKPHI MKPAPRLIPV PP AA 	A S P I V S G 
gI,52138911Xiaevls 	--------V GRPKGKI ASS PA 	'/KLSA NRISAG - 
gI_54112382H.saplens --------- ' QRPicGKLGPA SA VKLAA N R T T A G - 
gi_55249585Xtropicaiis 	 JT MRPASPHSTA P P R T S G T P S G TIASSG 
gL48094995A.meiIitera -------- - 1 KKSFTKIORH HS 	 )E XS0RA 	 _ 
gL47215707T.nigrovirldis 	----------- 	 ------- 
gi_50794285 G.gailus 	A GA S 0 A I A A P P L O • 0 WE 01 - 
gi_50233834M.mUscuIUs 	 MKPAPRLTPV PP 	 SPIVS 
gi_48094803A.meilitera - - - - - - - - - - DVADRMADNP F 	-_ 	- 	ETNX -  -- - - - - - - - - - - - -  
gi_19075688S.pombe 	- - - - - - - - - - 'IFGAWITYHH PR -_ 
gi.32565556Ceiegans - - - - - - - - - -ETKEEMUAR RD ------ 	E!DELU- ------------- 
9L6320892Scerevisiaee 
Consistency 	 0000011112 	23432-32,02 	3300022113 	4222340000 	0000000000 
---------910 	- 	- 
9L24645257D.melanogaster ------------- 4PRRRR TRCKNCAACQ RSDCGTCPFC MI3MVKFGGPG 
9131241477A.gamblae 	-------------- -' RARRI PCX14 OEACO RSDCGECSFC LDMVKFGGPC 
g134861406R.norvegicus --------------S ARRAy R C R K 3KACV QGECGVCHYC R D M K K F G G P G 
gi_16306580Hsapiens 	-------------- .-'RRRPV RCRX Z KACV QGECGVCHYC RDMKKFGGPG 
gi_57100303Ctamiiiaris ------------- .'RRRPV ACAK OKACV QCECGVCHYC R D M K K F G G P G 
gi_52138911Xiaevis 	--------------'PRRPT R C R K OEACL R T E C G E C H F C XDMKKFGGPG 
gL54112382H.sapiens - - - - - - - - - - - - - - -'APART R C R K OEACL RTECGECHFC KDMKKFGGPG 
gi_55249585X.tropicaiis 	- - - - - - - - - - - - - -  'RRRRV ACAK COACV ORECOTCHYC KDMKXFGGPG 
gi_48094995Ameliifefa -------------- 8 RRPT RCXI( 7 E A C T RTDCG€CI Y 	QDMVXFGGSG 
9147215707 Tnigroviridis 	- - - - - - - - - - 	- - - - 
gi_50794285G.gaiiUS 	 R S R N L LHRRQKEALG WLS 1 PSSGCGG.GGG 
gi_50233834MmuscuiUs 	- - - - - - - - - - - - - -ARRRRV R C R K C K A C V 0O 	 I PDMKKFGGPC 
gi_48094803Ameiiitera - - - - - - - - - - - - - 	r S S T I 	SEPPSSGRPP LX - - - - - - - - 	LTLPKPI MYP 
gi_19075688S.pombe 	- - - - - - - - - - - - - 	SIILOT K L I D S G P K P A N SI 	 IQVVISTNHN 
gi_32565556C.eiegans - - - - - - - - - - - - - SNSLI 	FYKNRTHIDFV R 1' - 	KLPIGHEPPI 
916320892S.cerevisiaee 	- - - - - - - - - - - - - -  




gi_24645257D.meianogaster QTCMMkQ CL LVTAO 2VYCHLDGWI CuP 	ESPO 
gL31241477A.gambiae -CTCMMO CL 	- - - - - - P LVTAO HCNLDGWi C4PICAOA 
gi_34861406R.norvegicus KgSCVLRO CL 	- - - - - - P L 	H S V T CSLCCEVD ONE 
gi_16306580H.sapiens KQSCVLRO CL 	- - - - - - P L 	NSVT CSLCGEVD Q N E 
gi_57100303C.familiaris KQSCVLRO IK CL 	- - - - - - P LI1SVT S L C G E V D 	- ----- 9L52138911X.Iaevi5 KQSCI MRO - - CI 	- - - - - - - P L 	H T A V CLVCOEAQ 	- - - - - - -IcED gi_54112382H.sapiens KOSCIMRQ - - C 	-  - - - - - - P L 	H T A V CLVCCEAC 	- - - - - - 	IcED gi_55249585X.tropicails KQSCVLRO - - CL 	- - - - - - P L 	H S V T CALCOEVO 	- - - - - - 	QTN gi_48094995A.melilfei-a QTCLMPQ - P CL 	- - - - - - - L 	V T A A CKVCRLDGY -- 'AP 
gi_47215707T.nigroviridis P LrNTAR CAl C R E G E 
gi_50794285G.gaiius .GHVAGPL CTN P LALOONG SALCSLALF- - - - - - -  
9L50233834M.muscuIus - QSCVLRO CL 	- - - - - - P LFISVT C S L C G E V D 
9i_48094803A.mellitera T Q N T N T L E NSSIS 
gi_19075688S.pombe .- IcCOESOI 
-
i<'.NCSF .-- 	- 	 - _- 
gi_32565556C.elegans ODEISRI L L D E L 
gL6320892S.cerevisiaee -- 	 - 	-- 	- -- 	- 	- - - - - - - - - - - - - - - 	- 	- 	- 	- 
Consistency 54 	444454 4300000004 3 	3500 4235232200 0000000222 
010 1030 - 	1050 
9124645257 D. melanogasI K CL A S A C Ci 	- . Y E I 	A -i P 0 C A L A C A K Ci I 	V 	. - 
gi_31241477 A.gamblae K L CA 0 MOE Ci E 	V I Y E I S H P DC AO A CC 	V 	. 0 	- 
gi_34861406R.norveglcus TODFEKK -- 	E : 	N El 	VHPGCLO - GEGLL.E - 
gi_16306580N.sapiens ETODFEKI( L IN El 	VHPGCLQ.- 
- - - - - - - 
	
C 
- - - - - - - 	C GEGLL.E 	- 
gi57100303C.tamuiiaris ETC 	DPE K K L M F 	 N E 	VHPGCLO - - - - - - - C GEGLL.E - 





gi.54112382H.saplens TVEEEEGKEN L M L M 	I 	IN Eli 	NPGCLK - 
- -- 
- - - - - - - 	-IcE SEGVVI 	- 
gi55249585X.troplcalis DTODFERK L M E V  
- - - - - - --KE 
- 
1) GEGLLD 	- 
gL48094995A.melIitera MGKPTPTAP SSLVL 	CF 
El 	VHPGCLE.--------- - 
0 	V H P E C I G - - - - - - - - -DP QTITVCC. 	- 
gi_47215707T.nigrovlridis FDESOPST YSLME VS 0 	AHRQCVK - - - - - - - - EP GEOKI 	Ij K 	- 
gi_50794285G.galius FPLQSI A G N RMWV 	H  RI.PKPPLLP 110 GSSNF.P 
gI_50233834M.musculus )NEETODFE KKLME I 	IN E 	VHPGCLQ -  - - - - - - - - 	 'D GE$LLni E 	- 
gi_48094803A.melllfera CSKPGKOSPT VlRF 	NCE V 	- - - - - - - - - - - - - - - 	S T H D D I 	liT - 
gi19075688S.pombe .rIKRI 	K S T K K APSW - A FK 	---  - - ENTRCIIF 	- 
gL32565556C.eIegans - 	E T L G T Y I RRKAi 	VIE Cud - 
- - - - - - - - 
	
P 
- - - - - - - UNT FQTVLK 
gl_6320892S.cerevlsiaee -. -- - - - - - - - - - - - - - - - - - . 
Consistency 2 	 . 	- - 	 .4 -. 	45535420 00000002 . 	.; 	4500 
- 	 1060 1070 .........1080 .........1090. 1100 
gL24645257 0. melanogaster - L S WE C P S C C P S Ci K 1I V C .T F I 	V OP P I-I F 
9L31241477A.gambiae -L SWECPS CCKSGKNTO LSFPFI 	FRH 
gI_34861406R.norvegicus -L CWECPK CVOEDSSEK - - - - - - - - - - - - - - - - - - - - - AOKRKIEES 
gi_16306580H.sapiens - L CWECP)< CYOEDSSEK -  - - - - - - - - - - - - - - - - - - - - - AOKRKME.ES 
gi_57100303C.famlliaris -L CWECPI( CVOEDSSEK - - L LQOKRKI E E S 
9i52138911X.IaeVIs -L CWECPI< IK 
 
C N H A G K T G K - SNLPGS 
ff 
LLKEQKVNPD 
gL54112382H.sapiens -L CWECPIc CNHAGIcTGK - - S N L P G S LLKEOKMNPD 
gL55249585Xtropicalis -L VWECPI( CYEGOKHTV - - - - - - - - - - - - - - EANFIDRI L L H S K R K A A D 
gL48094995A.meilifera -L SWECPQ CCESGRNLD 
gi_47215707T.nigrovlrldis -L C W E C P K CVOGKDSESE V P P T H T H T H L H L F V F K I P G G CFSVSVMMTD 
gi_50794285G.gailus UL RKVRRS AMHAG006DA GTLWDRGGTR GSGSWGSPLS SSRRSGSPLP 
gi_50233834M.musculus -L CWECPK CYOEDSSDKA OKPKI EESDE EAVQAKVLRP L R S C E E P L T P 
gl_48094803 A.me)iifera - - - N 0 F S S C H H L C T A K E L T 
gi_19075688S.pombe - - - SSLHATT F R E D I V V R P 
gi32565556C.eiegans OLMN 
gL6320892S.cerevislaee 
Consistency 0 	5355554 5243343230 0010000000 0101110000 1121122111 
gi24645257D.me4anogastAR0 KSSEVR RVS 	iGQGGAEQHACGNIL LPPPVGOYND F V F T S E S E M E 
gI_31241477A.gambiae RAROIcSSEI PP. SCAS SAHNACGSE v DASGVGKKMH HSLNSSPGAG 
9L34861406R.norvegicus .JEEAVOAKVL P 	- - - 	'LA S C E E P L T P P P HSPTSMLOLI HOPVSPRGMV 
gL16306580H.sapiens :EEAVOAKVL R - - - L  SCDEPLTPPP HSPTSMLOLI HOPVSPPGMV 
gI.57100303C.familiaris JEEAVOAKVL A 	- - - 	L  S C D E P L T P P P HSPTSMLOLI HDPVSPRGMV 
gi_52138911X.Iaevls I K E L T E I 	VIcK K V E 	TPKO I 	PEEQPKKI(P TOOl 	I 	KIcK P000HVRKKR 
9L54112382H.sapieris IK000EPAKR P50 APRA RSDEHSI<KVP POOLARK L SDDVHLRKKR 
9L55249585X.tropicalis YESSI -  YY --- 	'AK VLRPPLGOSP P S P P L L L L P P S P S S A P P T 
gl_48094995Amelllfera 
gL47215707Tnlgrovirldls P L OR P T WA C 01 	I 	T A T P Ci F P OP GA C A A GO S PC GE C 
gi_50794285G.gallus A V R R GORCFLSVNO CGVAVLEPI S GORDOLLLEE 
gi.50233834M.musculus ------------ TS MLOLI H D P V S 'RGMVTRS SPOAGPSDHH 
gl.48094803A.mellifera - - - - - - - - - - - - - - - - -"KOT S 	Y D F H D G S N ESOYGRFTI C ESPKPKRAPR 
9L19075688Spombe - - - - - - - - - - - - - - - - Fl 	KS FVLEOLI EQA L F S F A 	I 	N WTPSFFLFIHS 
gL32565556C.eiegans 
gL6320892Scerevisiaee 
Consistency 1121121111 1000000223 2222222222 1131222222 2222322221 
61 . 	. 	. 	1170 ---------1180 ---------1190 --------- 1200 
gL246452570melanogast IGlVSGrM1H WIci -  IG 
9L31241477Agamblae 'AMGGGSMKV EVKD 
9L34861406Rnorveglcus R S S P G A G P S CNN 
gL16306580Hsapiens R S S P G A G P S CNN 	- ---------------------------------- 
gi_57100303Cfamlllarls R S S P G A G P S OH 
gi52138911X.1aevls FEKPPDPSV RIcA - - - - - --------------------------------- 
9L54112382H.5aplen5 - 	YEP(POELSG RIcA 
9L55249585X.tropicalis 
gL48094995A.meilitera 
gL47215707T.nigroviridis ROGAERPKM PAR 
gi_50794285 Ogallus , A N S 0 P K L A L T CI 	P I 
9L50233834Mmuscuius I- ASPDERFKA AOL- 
5 
gI_34861406R.norveglcus - - SA SR DE RE 
91_16306580H.sapiens SA SR 0 ER F 
9I_57100303 C.tamillarls H S A S R 0 E R 
9I..52138911X.laevls L K L V K E E K L 
gI_54112382H.saplens L W P OK E 0 K L 
91_55249585 X.troplcalis P p S A 0 
9148094995 A.mellltera C R P R 0 
gl_47215707 T nigrovindis OR L Fl S E T K T 
9L50794285G.gaUus L CLOGS Al. K  
gi50233834M.musculus L. R 	OAT ER T 
gi_48094803A.rnelllfera L K RD V DO 
9(19075688 S.pombe - - 	L S K E 	T F 
gL32565556 C.elegans - - 
gL6320892 S.ceievislaee 
Consistency 0 0 1 2 2 3 3 2 3 2 
gl_24645257 D. rnelanogaster - I< R H H 0 L E V 
gI_31241477A.9 amblae - P L 0 H H P 
01/25/2005 02:51:18 AM 
gl_48094803 A.mellllera 
gI_1 9075688 S.pombe 
9L32565556 C.elegans 
91_6320892 S.cerevlsiaee 
Consistency 2222221111 	1110000000 	0000000000 	0000000000 0000000000 
1220 ......... 1230 ....... 
KTERNNSCO 	- - - - - - - - - - 	- - - - - - - - TP 




L R K K R R S W K 	- - - - - - - - - - 	- - - - - - - - Tp 
FRKKRRSWK - - - - - - - - - - 	- - - - - - - - IA 
TOVPLASRE 	- - - - - - - - - - 	- - - - - - - - ER 
P K A R A R K L S - - - - - - - - - - 	- - - - - - - - VS 
VARRRRREE 
OARLRVRLP1 PP 
M V R E K E N N P -----  - - - 	- - - - - - - - KE 
DVDVLNOVP 
NFOGFANC.F 	- - - - - - - - - - 	- - - - - - - - I.) 
2333323230 	0000000000 	00000000"2 
SPOI SPI4A1 C 
T S V I KOGREM 
ERT 	MVREI( 
ERT M V R E K 
lEFT M V R E K E 
OERAMMA KT 
E DR MA LA N K P 
AKRROLAREK 
SAAS SAP ITO 
E E MET CT GO K 
TMSPI VSGAR 
L S E V E K A K I P 
GI EEL L K A S A 
TOTTI F T T W 
12 
1250 1270 300 
91248852570. melanogaste' RI S V S 	 I 0 A P C 0 S S A E 0 A 0 GAGNANVST 
9L31241477A.gamblae OREQA LA SSCA 	ADGV A E G GAP N T H H H S G GTGTGAADG 
9134861406R.norveglcus ENNPS OK KELSEVEKAK I RGSVLTVTL ORPTKE 
91_16306580H.saplens EI4NPS OK K E L S E V E K A K I R G S Y L T V T L ORPTKE - 	-- 
gl57100303C.tamlllarl5 'JNPSG K  E L S E V 	E K A K I RGSVLTVTL ORPIKE 	- 
gL52138911X.1aevls RRIK CE P D D D L T E A A P KAKESDQSRS SsPTAGPr 
g1541123821-4.saplens R R F K CE P E D E L P E A P P KTRESDHSRS S S P T A G P 
9L55249585X.troplcalls OFIHPT CC DOSEGDRLRL RGPYLTVTLO R P P 
9L48094995A.mellltera :EPAT T  TLRTQLAVOL T G S S S K S L 
gL4721 5707 T.nlgrovlridis :2 C S S F K V I L 0 K P T R A A P 0 p A A I 	V P K L E A V T P 0 T A A S T  
gL50794285G.gallus RARYR C  KCKACMQGEC G M C H Y C R D M K KFGGPGRMKO f 
gi_50233834M.musculus 3SYLTVTL0R PTKELHGTSI VPKLOAI T A S S A N L R P N P P C - 
gL48094803A.meltlfera Y T L G N  AORLDVTTSM I SOYNOPVPP P101 	Y  
gL19075688S.pombe 3000 FR PSDSICYNDF NLLETANSDA E A S I 	H E 	-- ---- 
gL32565556 C.elegans 
9L6320892S.cerovisiaee - 	 - 	 - 	 - 	 - ---- - 	- - - 	- - 	--- 
Consistency 2332200023 3223223332 2223222322 2222220000 0000000000 
1311 . . 	1350 
gL24645257D.melanogaster---  G G G G S R K K N S I RSOLAQQML NSSTRVLKcP OVVVAPA ______ 
gu ...31241477A.gamblae GGSLPRKKSS ORMQLAHOI H S T S T K P M K K P L Y P I 	RPA 
gL34861406R.norvegicus - - - - - - - - - - - HGTSIVPKL GAl TASSANL RPNPRVLMQH CPARNPQ 	-- 
gl_16306580H.saplens - - - - - - - - - - LHGTSP V P K L GAl TASSANL RHSPRVLVOH CPAATPO - 
gL57100303C.tamlIlarIs - - - - - - - - - - LHGTSIVPKL GAl TASSANL RHSPRVLVOH CPAPTPQ 
gL52138911X.laevis - - N K E L S K E L S K ELNQEIQKTE SSLASENHHP IKSEPESOFJ 
gl54112382H.saplens IIKELSRELSK E.LNHEIORTE NSLANENOOP I 	K S E P E S E G 
gl_55249585X.troplcalis KFLSS T S I 	VPKLQAI T P N P P Q P I R A APLHODE 
gl_48094995A.melllfera 	- - - - - - - - - - 	-  	 - - - . 	-- 
gL4721 5707 T.nlgrovlridls 
gL50794285 G.gallus 
9L50233834M.musculus 




Consistency 	 0000000000 	1112222222 	2122222211 	2222322122 	1122222000 
1360 ......... 1370 	 . . . 	. 	1380 ......... 1390 ......... 1400 
gL24645257 D. melanogaster - -------- - - - - - - - - - - - -  
9L31241477A.gamblae 
9I34861406R.norveglcus - - - - - - - - - - - - - - - - - - - -  GDEEGLGG EEEE E E E 
gl..16306580N.saplens 	- - - - - - - - - - - - - - - - - - - - 	RGDEEGLGQ E E E E E E E E E 
gI_57100303C.famlllarls - - - - - - - - - - - - - - - - - - - - -RGOEEGLGG E E E E E E E E E 
9152138911 X.Iaevls 	N 01 P K E L F H E L F P S L K I T P  










Consistency 0000000000 0000000000 0110110011 0011011000 0000000000 
1410 ......... 1420. 
gI_24645257D.melanogaster 	 .._._____.__,_raI1YsSs0 tILALDPTVLK ii FRYLPOIDT 
9L31241477A.gamblae 	---- 	 TMSLSG NYALDAPCLL AVFRYLPPET 
gI_34861406R.norveglcus ---- EEDDS AEEGGAAFILN 0RGSWA0000 ESWMGAEVWM SVFRYLSRRE 
gI_16306580H.saplens 	---- EEDDS AEEGGAARLN GRGSWA0000 ESWMOREVWM S V F R Y L S R R E 
gl57100303C.famIllarIs ---- ESDOS AEEGGAARLN GRGSWAGDGD ESWMOREVWM S V F R Y L S R R E 
gL52138911X.IaevlS uiQMERH VIPPPPISPP POSLPLANGA AHVMOREVWM AIFSYLSHRD 
9L54112382H.saplens 	 I OMEPH VIRPPPI S P P PDSLPLOOGA AHVMHREVWM AVFSYLSHOD 
6 
KVWS 	- --- AAVDPOLWKK MNCSEHI< 	MS ASLLTAI VRR 
K T W A -- AVDPSLWKR MNCAEYK 	LS PNLLSAJ VRR 
KIWY 	-- - K 	WCCDKRL AFT K I DLSRCKAI 	V POALSGI I KR 
K T W Y -- W C C D K R L W T K I 	OLSRCKAI 	V POALSGI 	I KR 
KIWY 	-- K 	WCCOKRLWTK I 	DLSRCKAI 	V PQALSGI 	I KR 
R T W N ---P WCCDKRLWTQ I 	DLNRCKSI 	I PLMLSGI 	IRA 
RIWN 	----P WCCDKALWTR IDLNHCKSIT PLMLSGIIRR 
KAWY 	----K WQCDKRLWSR I D V S R C K S L V POALSGIIKR 




- - - 
 
OLSI K R S V T POALTGI 	KR 
LRSCE -- P	PPNSPTPMLQ L 	HDPVSPRG VVTRSSPGAG
OEAWNPI( A R V G P L L P K T NRPAREGVKI( . 
- 	SVQEKEK K A A E Y S L L H T F S Y K R L S M E N 
3331000002 1225334434 4334223233 3224434444 
gi_24645257 D. melanogaster - - L V I C C S V C 
gi_31241477A.gamblae - - L 	T CT MV C 
gi_34861406R.norvegicus - - ICE C MR V C 
gi_16306580H.sap4ens - - 	CE C MR V C 
gl_57100303 C.famillaris - - I C E C MR V C 
gL52138911 X.Iaevis - - I C I C MR I C 
9L54112382H.saplens - - IC V C MR V C 
gL55249585 X.tropicalis - - L C I C MR V C 
gL48094995A.melllfera - - LA N C A L  C 
gL4721 5707 Tnigroviridis VA F S F S I P 
gI_50794285 GgaIIus A 0 A K V L P P 
gI_50233834 Mmusculus - - - 
gL48094803 A.mellitera  
91_i 9075688 S.pombe 
gL32565556 C.ele9ans 
gI_6320892 S.cerevislaee 
Consistency 0 0 4 3 2 3 3 3 4 3 
9124645257 0 meIanogaste 3 P E H L I L 0 W I 
gi_31241477 A.gambiae OPEHLI MO WI  
gI_34861406 R.norveglcus QPVSLDLSWT 
gLi 8306580 H.saplens 
91-57100303 Ctamlllarls 
gL5213891 1 X.Iaevls 
gL541 12382 H.saplens 
gi_55249585 X.troplcalls 
gI_48094995 Ameliltera 
gL4721 5707 T.nigrovirldls 
gI_50794285 G.gallus 
gi_50233834 M.musculus 
3 P VS L 0 L S WI 
OP VS L 0 1 S WT 
3 P AS L D I S WT 
3 P V S L 0 L S WI 
3PI '1 L 0 L S WI 
OPEN L SL 0 WI 
OP VT L DL S WI 
P S E H H S AS RD 
DVAVRVI lOS 
DVALRYI TOG 
D A T L R L I I R  
D A T L R L I I R  
D A T L R L I I R  
DASLALMI R  
D A S L R L I I R  
D V T L R L I I R  
Dl A L R Y I Vol -  I 
DAT V R L V I R  
ENNIEE GG AAR 
L P V I H IlL DL S 
I P NIT HI DL S 
MP L L S R  DL S 
MP LL SRI DL S 
MP L L SRI DL S 
MP IL A XL U L S 
MP L  S XL H L S 
C P L L S K L D L S 
L P Y L E T L D L S 
MP HIT XL 01$ 











F R E E E E E E E E E E E E T ENVMLGORKD STSMQKDVWL SVFNYLTHES 
KRPI4V VVPPVSLPPV QRPGPDFNGO SLAYDKTALL Al F R F L N A K D 




OO 11212 21217221 7 1212122222 ?22'422224 2122312231 
AM 
- 1530 .........1540 .........1550 
OIAKRQLAWL VARLP - - - - - - - - - - - - - - - - - - - - - - - - -  
GLOKRQVTWL I SRI P --------------------------
NISKKQLTWL V N R L P - - - - - - - - - - - - - - - - - - - - - - - - -  
NISKXQLTWL V N R L P - - - - - - - - - - - - - - - - - - - - - - - - -  
NISKKOLTWL V N R L P - - - - - - - - - - - - - - - - - - - - - - - - -  
NISI<XOLSWL I NRLP - - - - - - - - - - - - - - - - - - - - - - - - -  
NISKP(OLSWL I NRLP - - - - - - - - - - - - - - - - - - - - - - - - -  
NVSXKOLIWL INPLP - 
N V T K R Q L A W L L S R L P 
NI SKKOLNWL VGRLPGT.______________________________ 





Consistency 	 4433434434 	3435454344 	4354400000 	0000000000 0000000000 
1560 .......1570 1580 1590 - 	- 	- 1600 
gL24645257D.melanogaster--- *VLA LHTCLCPPLO TLDLSFVROL NDAAI Rot IS 
9L31241477A.gamblae - - - ____.__....._...,....-,.......jAVLG LHTC MCP PLO VLDLSFIAt3L NDFAIREILS 
gi_34861406R.norvegicus -- V S A L S T S S C P L L R T L D L R W A V G I KDPQIRDLLT 
gi_16306580H.saplens -- 	OLKDLLL AGCSWSAVSA LSTSSCPLLR TLDLRWAVGI KOPOI RDLLT 
gL57100303C.tamIIIaris -- 	OLKDLLL AGCSWSAVSA L S T S S C P L L R TLDLRWAVG I KDPQI ADILT 
gL52138911X.Iaevis - -- 	ALRDLNL SGCSWIAVSA LCSSCCPLLP TLNVQWVEGL K D A Q M R D L L S 
gI_54112382H.saplens - - 	G L R D L V L SGCSWIAVSA LCSSSCPLLR TLDVQWVEGL KDAOMRDLLS 
gI_55249585X.troplcalls - - 	GLKDLIL AGCTWSAVSA LASCSCPLLP T L D L R W T V G I KDTOIRDLLT 
91-48094995A.melllfera - - 	0 L R T L S L OGCTWTGVCA L R T C T C P P L V T L D L S H V S G L N D S S L R E V L S 
gI_472157071.nigrovirldls •AGLKDLML AGCCWSSVSA L C S S G C P L L R SLDLRYADGV KOLQIRDLVT 
gL50794285G.gallus aKI 	Ht2VI TVTI.ORPTKD Vt -  lOT S 	V P K L QAI 	TASSAfIL OHSPRVVMRH 
gL50233834 M.musculus 




Consistency 0002333424 2332223433 4233344343 3444323245 3423343443 
gl_24645257D.meIanogastePKDSRPGLS DSKTPLROLK VMKLAI3TOIS 
9L31241477A.gamblae P K D S R P G L A DSKSRLRNLI( M L K V A G A D I S 
gI_34861406R.norvegiCus P1DKPG0 DNRSXLRNMT D F R L A G L D I I 
gL 1 6306580ftsapIens 'PAOKPGQ D N R S K L R N M T 0FRLAGLD1 T 
gL57100303C.tamIlIarIs PADKPGO DNRSKLRNMT DFRLAGLDI I 
gL52138911X.13evis PTDNRPG0I 0NRSKLRNI I ELRLACLDI I 
9L54112382H.sapiens 'PTDNRPGOM DNRSKLRNIV ELRLAGLDIT 
gI_55249585X.tropicalls •ASDKSGH D S R S K L R L L T D L R L S G L D I S 
gI_48094995A.melllfera PTDSRPGLI DKISRLKHLK NLSLAGCDI T 
gL4721 5707 T.nlgrovlrldls P Q - 	 C C N R S 0 L P N M 0 H L R I A C L 01 S 
gL50794285G.gaIIus CEDE 	VASE EDEEDEDEDI) 
gL50233834 M.musculus 
gL48094803 Amellltera - - - 
gL19075688 Spombe - - 
9L32565556C.elegans 
gI_6320892S.cerevlslaae 
Consistency 4423322100 4334434333 2344443433 4223423333 3313225345 
1660 ........- 1670 .........1680 .........1690 .........1700 
9L24645257D.melanogaster   
gL31241477A.gamblae 
7 
01/25/2005 02:51:18 AM 
91-34861406 R.norvegicus 
gL16306580 H.saplens 
gI_571 00303 C.famillans 
gI_521 38911 X.Iaevls 
gI.541 12382 H.saplens 
9L55249585 X.tropicalls 
gI_48094995 A.mellllera 








-CSHLT DOS S NLLTAVGSST 
MCSNLTDQSS NLLTAVGSST 
-iCSNLTDQSS NLLTAVGSST 
C N H V T 0051 WILT A V G T S T 
CNHVTDOSI NLLTAVOTTT 
9CPLLSDQSV NLLTAVGSST 







P V SIT EL NM -  
P VS IT EL NM - 
RD IL L EUN L - 
ROSLTEI t4L-
ROT LTPII HL -  -
V I N L A S L N L - 
P N I L S E L 14 L 
P EL CE CUR V 
3123223330 
DLI W L D L R H V 
ALT P L DL S H V 
NV ILl DLROC 
NVTLI DLPGC 
N V T L I D L R G C 
NI C L I D L R F C 
NI Clii DL PVC 
N L S L I DL HOC 
V I K R L D L P NT 















F AS US KNOLC 
F A S I SKNOLO 
F I S DL S  11$ I 
Fl SOLSI N S L 
Fl S D L S I N S L 
Fl A E M S V I VO 
Fl AEMSVSVO 
Fl S D L S V S T L 
F A A K S I II N I H 
Fl S E L S V N A L 
F I S D L S  N S L 
4332232222 
gl_24645257 D. melanogaster - - S A C R L V S E N A L 8 H L A 16 C 8 
gl_31241477A.gamblae 	- - SCCKLI 18 LSLDHLAKCD 
gi_34861406R.norvegicus - - AOCNKLID OTLFFLRRI A 
gL16306580H.saplens 	- - GCNKLTD DILl Y L R R I A 
9L57100303 C.famlllarls - - C C N K L T 0 0 I I I V L P P I A 
gI_52138911X.Iaevls 	- SDCNNVTD 0CLTFFK.RCG 
gI_541 12382 H.saplens - 	C C N K V T 0 DCL S F F K P C 0 
gI_55249585X.troplcalis 	 AGCKGVTD ESLLYLRPAT 
gi_48094995A.mellifera A N C R L L T E TTLOHLARCK 
gI_47215707T.nlgrovlrldls 	: V SOC SKIT 0 1 CL KY L P P IS 
gI_50794285 G.gallus 	P I F S C N K L 1 0 0 A I I V L P P I S 
9150233834 M.musculus 




Consistency 	 0032422343 	2241332422 2322444323 	3343223322 
''60 .... 	1770 ...... 
gl_24645257 D. metanogaster P 1) 1 	1< L V E R 
9L31241477Agamblae fli 	MDI 	KLVD K- ----------- 
gI_34861406R.norvegicus VCLSDEKLIO KIS -------------- 
gI_16306580H.saplens CLSDEKLIQ K I S ------------- 
gI_57100303C.famlllarls C I S C E K L I 0 K I S ------------- 
gI_52138911X.Iaevls GOT EEKLL0 K V S ------------- 
gI54112382H.saplens FGOVEEKLLO KLS - - - - --------- 
gl_55249585 X.troplcalls f C L S 0 0 K I I 0 R I S -------------- 
gI_48094995 A.melllfera V 	7 0 V K L V E E K K JW 	 - - - 
gi_47215707T.nigrovlrldls L S 0 8 K I I 0 P I S ------------- 






Consistency 2112424433 3230000000 	000000 
8 
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Depletion of Drad2l/Sccl in Drosophila Cells 
Leads to Instability of the Cohesin Complex 
and Disruption of Mitotic Progression 
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Summary 
Background: The coordination of cell cycle events is 
necessary to ensure the proper duplication and dissemi-
nation of the genome. In this study, we examine the 
consequences of depleting Drad2l and SA, two non-
SMC subunits of the cohesin complex, by dsRNA-medl-
ated Interference in Drosophila cultured cells. 
Results: We have shown that a bona fide cohesin com-
plex exists in Drosophila embryos. Strikingly, the 
Drad21 /Sccl and SA/Scc3 non-SMC subunits associate 
more intimately with one another than they do with the 
SMC5. We have observed defects in mitotic progression 
in cells from which Drad21 has been depleted: cells 
delay in prometaphase with normally condensed, but 
prematurely separated, sister chromatids and with ab-
normal spindle morphology. Much milder defects are 
observed when SA is depleted from cells. The dynamics 
of the chromosome passenger protein, INCENP, are af-
fected after Drad2l depletion. We have also made the 
surprising observation that SA Is unstable in the absence 
of Drad2l; however, we have shown that the converse 
is not true. Interference with Drad21 in living Drosophila 
embryos also has deleterious effects on mitotic pro-
gression. 
Conclusions: We conclude that Drad2l, as a member 
of a cohesin complex, is required in Drosophila cultured 
cells and embryos for proper mitotic progression. The 
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protein is required in cultured cells for chromosome 
cohesion, spindle morphology, dynamics of a chromo-
some passenger protein, and stability of the cohesin 
complex, but apparently not for normal chromosome 
condensation. The observation of SA instability in the 
absence of Drad2l implies that the expression of 
cohesin subunits and assembly of the cohesin complex 
will be tightly regulated. 
Introduction 
The faithful transmission of genetic material during the 
cell cycle requires exquisite orchestration. During inter-
phase, the genome is accurately replicated to form two 
identical sister chromatids, which are held in close prox-
imity to permit DNA repair and recombination, and to 
ensure accurate segregation during the ensuing mitosis. 
The sister chromatids are then coordinately condensed 
and resolved in order to permit segregation without tan-
gling or damage to the genome. Once surveillance 
checkpoints monitoring genome integrity and kineto-
chore attachment to microtubules are satisfied, cohe-
sion is dissolved, and the chromosomes are segregated 
to two daughter cells. 
Diverse approaches have been utilized to identify and 
characterize the components necessary for mitosis. The 
identification of the SMC (Structural Maintenance of 
Chromosomes) genes in yeast and the purification from 
Xenopus extracts of cohesin and condensin complexes 
in which the SMC proteins are found associated with 
non-SMC subunits has profoundly influenced our think-
ing of chromosome dynamics (reviewed in [1-51). The 
genes for cohesin and condensin components have 
been identified in all eukaryotes examined; biochemical 
purification of cohesin complexes was achieved in Xen-
opus and human cells [6-8], and that of condensin com-
plexes was achieved in S. pombe and Xenopus [9, 10]. 
The genetic analysis of cohesin and condensin subunits 
is ongoing in yeast, Drosophila, and chicken cells. Thus, 
there is still much information to be gleaned from diverse 
systems, particularly those amenable to combined ge-
netic and high-resolution cytological analysis. 
While it is tempting to generalize from one system 
about the structure, function, and regulation of cohesin 
and condensin complex activity in other organisms, one 
of the most intriguing findings about the cohesin com-
plex has resulted from the comparison of sister chroma-
tid dissolution in single- and multicellular eukaryotes. In 
S. core visiae, Sccl p becomes associated with chroma-
tin upon replication and can be detected all along the 
chromosome arms until the metaphase-to-anaphase 
transition, when Scclp is cleaved by "separase" [11, 
12]. However, in Drosophila, Xenopus, and human cells, 
the majority of Sccl dissociates from chromosome arms 
during prophase after Polo kinase phosphorylation [13], 
with a small centromeric pool remaining until chromo-
somes are disjoined at the onset of anaphase [8, 13, 14]. 
We have been characterizing cohesin and condensin 
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components in Drosophila with the aim to understand 
their localization and function in a system amenable to 
cytological and genetic analysis [15, 16]. To date, there 
are no known Drosophila mutant alleles of Scc 1 (known 
as Drad2l [16]), precluding a conventional genetic anal-
ysis of this gene. However, dsRNA-mediated interfer-
ence (RNAi) in Drosophila cultured cells has been used 
to successfully create a genetic null or strong depletion 
phenotype of many genes [17, 18]. 
We demonstrate here that Drad21 is indeed part of a 
bona fide complex in Drosophila embryos. As in Xeno-
pus and human cells, this complex contains SMC1, 
SMC3, Drad2l, and SA (also known as Scc3) [6]. Strik-
ingly, Drad21 and SA appear to be more tightly associ-
ated to each other than they are to the SMCs. In this 
study, we have characterized the phenotype of Dro-
sophila cultured cells depleted of Drad21 and SA. We 
clearly show that cells depleted of Drad2l are delayed 
in prometaphase and have prematurely separated (al-
though normally condensed) sister chromatids; this phe-
notype is not observed when SA is depleted. The pro-
metaphase delay results in altered dynamics of the 
chromosomal passenger INCENP protein [19]. Addition-
ally, we show that the stability of SA is dependent on 
the presence of Drad2l,but that the converse is not true. 
These findings extend significantly our understanding of 
the dynamics of cohesin subunits in multicellulareukary-
otes and raise new questions about the coordination of 
assembly and activity of the cohesin complex. 
Results 
Specific Depletion of Drad2l by dsRNA-Mediated 
Interference in Drosophila Cultured Cells 
The Drad2l gene is comprised of 8 exons giving rise to 
a 2.3-kb cDNA, encoding a predicted protein of 715 
amino acids [16]. Although the Drad2l locus has been 
entirely sequenced, its exact location in the genome 
remains unclear. DNA in situ hybridization on salivary 
gland polytene chromosomes showed hybridization to 
the chromocenter, suggesting that the Drad2l gene is 
embedded within heterochromatin. 
Because of the lack of mutations in the Drad2l gene, 
we used dsRNAi in S2 cultured cells [17, 18] to analyze 
the consequence on mitotic events of Drad2l loss. Cells 
were incubated with a -'-650-bp dsRNA that incorpo-
rated the ATG, while a similar length dsRNA from a 
cloned human intron served as control [20]. We analyzed 
cell extracts by immunoblotting at various time points 
after treatment. A decrease in the level of Drad21 protein 
was apparent as early as 24 hr after treatment; this 
depletion continued until 96 hr after treatment, when 
the protein was barely detectable (Figure 1 A). As we 
could detect Drad2l in as few as 104  cells and since 
5 x 101 cells were loaded, we concluded that at least 
98% of the protein was depleted by 96 hr after treatment. 
In contrast, there was no depletion of Drad2l in control 
cells (Figure 1A). Cells examined by immunofluores-
cence confirmed that the number of Drad2l -containing 
cells decreased dramatically after treatment with 
Drad2l dsRNA (data not shown). 
Loss of Drad21 Destabilizes the SA Subunit 
of Cohesin 
Although the genes for all of the Drosophila cohesin 
components have been identified [1, 16, 21, 22], we 
demonstrate here for the first time that a cohesin com-
plex exists in Drosophila. Drad2l antibody on beads 
was used to immunoprecipitate proteins from 0- to 5-
hr whole embryo extracts. Following washes, bound 
proteins were eluted with 2% SDS in PBS. The eluate 
was electrophoresed, and two prominent bands of 
­140-150 kDa were excised and identified by mass 
spectrometry as the Drosophila orthologs of SMC1 and 
SMC3 (Figure 1 B). These two proteins were precipitated 
in roughly equivalent amounts, consistent with current 
models of cohesin and condensin complexes in which 
two different SMC5 associate in a 1:1 heterodimer [23, 
24]. The anticipated non-SMC subunits were, however, 
not eluted from the Drad21 beads. lmmunoblotting for 
Drad21 and SA proteins indicated that these two pro-
teins were only solubilized after eluting the beads with 
hot SDS-PAGE sample buffer (Figure 1 C, pellet). This 
result intriguingly suggested that Drad21 and SA were 
more tightly associated with one another than they were 
with the SMC subunits of the cohesin complex. 
Given this apparent tight association, we analyzed the 
fate of SA upon depletion of Drad2l in cultured cells. 
Curiously, when Drad2l was depleted by dsRNAi, the 
level of SA dropped with kinetics indistinguishable from 
those of Drad21 depletion, indicating that the SA protein 
was unstable in the absence of Drad21 (Figure 1 D). Scru-
tiny of the Drad2l and SA sequences confirmed that 
there was no sequence similarity that would result in 
the d5RNAI of SA. In comparison, the level of INCENP 
protein was unchanged during Drad2l depletion (Figure 
1 D). We performed the converse experiment and exam-
ined the fate of Drad2l after depletion of SA (Figure 1 E). 
SA is also depleted from cells by dsRNAi with similar 
kinetics (disappearing by 72 hr after treatment). How-
ever, in this case, the level of Drad21 was unaffected 
by the disappearance of SA, i.e., Drad21 stability was 
not dependent on the presence of SA. 
Depletion of Drad21 Results in Abnormal 
Chromosome and Spindle Morphology 
Microscopy revealed striking abnormalities in chromo-
some alignment and spindle morphology in cells treated 
with Drad2l dsRNA. Chomosomes appeared spread 
throughout cells without alignment on a metaphase 
plate, while spindles appeared narrow and lacked astral 
microtubules (Figure 2B, control cells shown in Figure 
2A). Quantitation of the frequency of cells positive for 
histone H3 phosphorylated on Senne 10 (P--H3) in con-
trol and dsRNAi cells revealed a 3-fold relative increase 
over time in Drad21 dsRNAi cells (Figure 2C). We ob-
served that the chromosome and spindle defects in-
creased significantly as the level of Drad2l decreased, 
reaching nearly 100% of PH3 cells by 96 hr after treat-
ment (Figure 2D). As the largest increase took place 
between 48 and 72 hr after treatment, the majority of 
phenotypic analysis was carried out on cells after 60-68 
hr of dsRNAi. 
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Figure 1. dsRNAi Results in Depletion of the 
Drad2l Protein and the SA Protein in S2 Cul-
tured Cells 
Efficacy of dsRNAi was determined by urn-
munoblotting over time; 5 . 10 1 cells were 
loaded per lane. The Drad2l protein level de-
creased as early as 24 hr after treatment and 
was undetectable at 96 hr alter treatment. 
Actin was used as a loading control. -, no 
RNA; C, control RNA 0, Drad2l RNA. 
Drad2l exists in a complex with SMC1, 
SMC3, and SA in Drosophila embryos. lmmu-
noprecipitation of Drad2l from 0- to 5-hr em-
bryo extract NaCl washes and 2% SOS elu-
lions are shown (SMC1 and SMC3 [accession 
numbers gii71 5967 and gif7447790, respec-
tively] were identified by mass spectrometry). 
Immunoblotting for Drad2l shows that the 
majority of the protein remains associated 
with the Drad2l antibody-crosslinked beads 
and is only eluted after boiling in SOS-PAGE 
sample buffer. Immunoblotting for SA shows 
that the majority of this protein also remains 
associated with the Drad2l antibody-cross-
linked beads and is only eluted by boiling in 
sample buffer. 
(0) SA is destabilized in cells after Drad2l 
daRNA treatment with kinetics similar to 
those of Orad2l depletion. INCENP serves as 
a loading control and is not depleted over 
time. -, no RNA; C, control RNA, 0, Drad2l 
RNA. 
(E) SA is depleted from cells after SA dsRNA 
treatment. Orad2l is stable in the absence of 
SA. -, no RNA; C, control RNA; S. SA RNA 
0, Drad2l RNA. u-tubulin served as a loading 
control. The final 68 hr time point in this panel 
is from a Orsd2l dsRNAi experiment 
SMC3 
SMC1 




Cells Exhibiting Abnormal Mitotic Morphology 
Contain Cyclin B 
Given that mitotic chromosomes appeared to be distrib-
uted along abnormally narrow spindles in cells depleted 
of Drad2l, we wished to determine whether these cells 
were attempting pre-metaphase chromosome con-
gression or abnormal chromosome segregation. We 
therefore stained cells for cyclin Band a-tubulin. Cyclin 
B levels increase during G2, and the protein remains 
cytoplasmic until nuclear envelope breakdown. During 
metaphase, the protein is strongly associated with the 
mitotic spindle and spindle poles (Figure 3A). When 
cyclin B degradation commences, it does so at the 
poles, and it progresses along the microtubules until 
the level of protein becomes indistinguishable from 
background levels as the cell enters anaphase [25, 26]. 
The majority of Drad21 d5RNAI cells exhibiting the 
abnormal mitotic phenotype were cyclin B positive (Fig-
ure 3B). As cyclin B was associated with spindles (but 
the chromosomes had not congressed to a metaphase 
plate), we concluded that these cells were in prometa-
phase. While there was very little difference in the fre-
quency of cyclin B-positive cells (Figure 3C, blue bars),  
the percentage of cells exhibiting mitotic abnormalities 
that were cyclin B positive was 87% in the Drad21 
dsRNAi cells, compared to <1% in control cells (Figure 
3C, green bars). 
Cell Cycle Analysis of Drad2l -Depleted Cells 
Quantitation of the frequency of cells in various stages of 
mitosis by using P-143/-tubulin, and cyclin B/i-tubulin 
double immunostaining showed that a higher frequency 
of cells were in prometaphase in the Drad21 dsRNAi 
cells compared to control cells (Figure 3D). With PH3/ 
(x-tubuhn labeling, 33% of untreated and 31 % of control 
dsFlNAi mitotic cells were in prometaphase, compared 
to 70% of Drad21 dsRNAi mitotic cells. This was mim-
icked by the cyclin B/ui-tubulin-labeled cells (41% of 
untreated and 36% of control dsRNAi mitotic cells were 
in prometaphase, compared to 64% of Drad2l dsRNAi 
mitotic cells). However, we also observed cells with ab-
normal chromosome morphology that lacked cyclin B 
and appeared to have entered anaphase or telophase, 
as judged by spindle morphology. Thus, we concluded 
that the elevated frequency of prometaphase cells was 
the result of cell cycle delay, but not absolute arrest. 
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Figure 2. Drad2l Depletion Results in Abnormal Chromosome and Spindle Morphology 
(A and B) (A) Control dsRNAi and (B) Drad2l dsRNAi cells were grown on poly-lysine coverslips for 68 hr, then fixed and stained for histone 
3 phosphorylated on Serine 10 (P—H3, red), u-tubulin (green), and DNA (DAPI, blue). (A) Various stages of mitosis are indicated in the control 
panels. (B) Mitotic cells are shown after Drad2l depletion. These cells exhibit defects in chromosome alignment and spindle morphology. 
The scale bar represents 10 im. 
A graph showing the percentage of cells positive for P--H3 at various time points. 
A graph showing the percentage of cells positive for P—H3 that exhibit abnormal mitotic morphology. No RNA is indicated by the blue 
bars, control RNA is indicated by the gray bars, and Drad2l RNA is indicated by the red bars. 
Depletion of SA Results in Apparently Normal 
Mitotic Progression with Only Rare Defects 
A similar analysis to that described above was carried 
out on cells incubated with SA dsRNA. We were sur-
prised not to detect any significant differences in mitotic 
progression between SA-depleted and control cells, al- 
though the protein was barely detectable by 72 hr after 
treatment (Figure 1 E). The frequency of P1-13-positive 
cells and the frequency of abnormal mitotic cells re-
mained the same as control populations (Figure Si). 
Only at very late time points of 96 and 120 hr did we 
detect what appeared to be the rare premature resolu- 
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Figure 3. Cells Exhibiting Abnormal Mitotic Morphology Are Cyclin B Positive 
(A and B) (A) Control dsRNAi and (B) Drad2l dsRNAi cells were grown on poly-lysine coverslips for 68 hr, then fixed and immunostained for 
cyclin B (green), 0-tubulin (red), and DNA (DAPI, blue). (A) Normal progression through mitosis with degradation of cyclin B in anaphase is 
observed. (B) The majority of Drad2l -depleted cells exhibiting abnormal mitotic phenotypes stain positively for cyclin B. 
A graph depicting the overall percentage of cells positive for cyclin B at 68 hr after treatment (blue bars) and the percentage of cells 
exhibiting abnormal chromatin morphology that were positive for cyclin B (green bars). Cells exhibiting abnormal mitotic morphology are 
cyclin B positive. 
The distribution of cells among various cell cycle phases, scored for both the P--1 ­13/u-tubulin experiment (Figure 2) and the cychn 
B/.-tubulin experiment. The percentage of cells in prometaphase increases with Drad2l dsflNAi (red bars). The number of cells counted for 
each experiment was: P--H3/n-tubulin: - RNA, 2338; control ANA. 2060; Drad2l RNA, 2315, and cyclin B/"-tubulin: - RNA, 1516; control RNA, 
1835; Drad21 RNA, 1486. 
tion into distinct chromatids (not chromatid separation) 
in SA-depleted cells. As this phenotype was not appar-
ent at 72 hr after treatment, present in only 8% of abnor-
mal mitotic cells at 96 hr and in 45% of abnormal mitotic 
cells at 120 hr, we conclude that it is likely not a direct 
consequence of SA depletion. Of the two Drosophila SA 
genes, the SA-1 examined here is active during mitosis 
[22], while the other (SA-2) appears to be required only 
during meiosis (Sharon Thomas and Bruce McKee, per- 
sonal communication), so it Is unlikely that SA-2 is sub-
stituting for SA-1. 
Depletion of Drad2l, but Not SA, Results 
in Premature Sister Chromatid Separation 
Although the images of Figures 28 and 3B showed dis-
tinct chromosome phenotypes, it was not possible to 
discern whether cohesion between centromeres was 
intact in dsRNAi cells. To better examine chromosome 
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Figure 4. Depletion of Drad2l, but Not SA, 
Results in Premature Sister Chromatid Sepa-
ration 
(A-F) (A and B) Control dsRNAi. (C and D) 
Drad21 dsRNAi, and (E and F) SA dsRNAi 
cells were grown in six-well plates, then cy-
tospun onto poly-lysine slides without hypo-
tonic treatment. The cells were fixed and pro-
cessed for irnmunofluorescence by using 
antibodies to CID (red) and Barren (green) and 
were counterstained with DAR (blue). (A) A 
control dsRNAi metaphase cell in which sis-
ters are clearly joined together with two Cli) 
spots at the centromere. (B) A control dsRNAi 
anaphase cell in which sisters have separated 
and are moving poleward with the centro-
meres leading. (C and 0) Drad21 dsRNAi 
metaphase cells clearly showing separated 
sister chromatids, each containing only one 
Cli) spot. In contrast to (B), no segregation 
of chromosomes is evident. (E) An SA dsRNAi 
metaphase cell clearly showing paired sister 
chromatids. (F) An SA dsRNAi anaphase cell 
in which sisters have separated and are mov-
ing poleward with the centromeres leading. 
morphology in terms of chromatid condensation and 
pairing after Drad2l and SA depletion, we examined 
cytospun cells, which facilitated the visualization of indi-
vidual chromosomes (Figure 4). Importantly, this tech-
nique avoids all use of hypotonic solutions that artifactu-
ally induce separation of sister chromatids [27]. Control 
dsRNAi cells showed chromatids tightly paired at the 
centromere during metaphase (Figure 4A), and then seg-
regating to opposite poles during anaphase (Figure 48). 
Drad2l -depleted cells clearly showed separated sister 
chromatids, with each chromatid having one CID spot 
(CID is the Drosophila homolog of CENP-A, a histone 
H3 isoform found at centromeres [28]) (Figures 4C and 
413). Localization of the non-SMC condensin compo-
nent, Barren, was normal in the prematurely separated 
chromatids, and chromosome condensation appeared 
unaffected at this level of resolution. Chromatids in the 
SA-depleted cells did not Separate as in the Drad21-
depleted cells, although the centromeres appeared to 
be further apart than in control cells (compare Figure 
4E with Figure 4A). Chromosome congression and ana-
phase separation occurred in the absence of SA (Figure 
4F). Analysis of the levels of Barren protein by immu-
noblotting showed no detectable difference between 
control or dsRNAi cells (not shown). We conclude that 
the Drad2l depletion in 52 cells results in premature 
sister chromatid separation, but that neither Drad2l nor 
SA depletion has an effect on mitotic chromosome con-
densation. 
Mislocalization of Chromosomal Passenger 
INCENP Protein in Drad2l -Depleted Cells 
Although the level of INCENP was unaffected (Figure 







Figure 5. Clirornosornal Passenger Protein INCENP is Misocalized 
in Drad2l -Depleted Cells 
(A-F) (A-C) Control dsRNAi and (D-F) Drad2l dsRNAi cells were 
cytospun onto poly-lysine slides without hypotonic treatment and 
were processed for immunofluorescence by using antibodies to 
INCENP (red) and CID (green); cells were counterstained with DAPI 
(blue). In control cells, INCENP (A) localizes between CID spots in 
metaphase, (B) transfers to the spindle in anaphase, and (C) ends 
up in the midbody. (D and E) In Drad2l dsRNAi cells, INCENP ap-
pears more diffuse. (F) though it is still able to migrate to a central 
region, even when centromeres are abnormally distributed along a 
mitotic cell. 
(G) High-magnification deconvolved images showing $NCENP lo-
calizing between' centromeres of separate chromatids in a Drad2l 
dsANAi cell. INCENP staining does not appear to colocalize with 
the bulk of chromatin. The scale bar represents 5 ILm. 
Drad21 depletion. In control cells, INCENP focused nor-
mally (from along the length of chromosomes) to the 
Inner centromere region between CID spots in meta-
phase and to the spindle midzone In anaphase and telo-
phase (Figures 5A-5C). In Drad21 -depleted cells with 
prematurely separated sisters, INCENP appeared more 
diffuse and possibly stretched between CID spots (Fig-
ures 5D and 5E). However, in later "telophase-like" cells 
with randomly dispersed (not segregated) centromeres, 
INCENP adopted the predicted central spindle localiza-
tion (Figure 5F). High-magnification images of cells simi-
lar to those in Figures 5D and 5E showed that INCENP, 
though not particularly strongly associated with chro-
matin, appeared to spread between CID spots (whether 
these were sister or random centromeres was not deter-
mined) (Figure 5G). 
To determine the mitotic stage of cells exhibiting IN-
CENP mislocalization, we detected INCENP, cyclin B, 
and u-tubulifl in control and Drad2l -depleted cells (Fig-
ures 6A-6D). In early mitotic cells (high cyclin B), INCENP 
was dispersed through the spindle and not on the chro-
mosomes as expected (Figure 6C, asterisk). In later mi-
totic cells (low cyclin B), INCENP was also dispersed 
throughout the spindle and was not concentrated on 
the central spindle as predicted (Figure 6D, asterisk). In 
the few cells undergoing apparent cytokinesis in the 
Drad21 dsRNAi cultures, INCENP localized normally to 
the presumptive midbody (Figure 6C, arrowhead). We 
sorted Drad2l -depleted cells with abnormal chromo-
some morphology and INCENP mislocalization (labeled 
for r-tubulin and INCENP) into three categories (Figures 
6E-6G). The first category contained cells in which IN-
CENP was associated with chromosomes but decorated 
a more extensive region of the chromosome than the 
normal discrete centromenc foci (Figure 6E, 64%). The 
second category contained cells in which INCENP ap-
peared to be transferring to the spindle, although the 
chromosomes had failed to congress to a metaphase 
plate (Figure 6F, 10%). The third category contained 
cells in which most of the INCENP had transferred to 
the microtubules but failed to form the typical ring at 
the central spindle normally exhibited by passenger pro-
teins (Figure 6G. 26%). Depletion of the SA protein did 
not affect the localization of INCENP (data not shown). 
The lack of centromenc cohesion and congression to 
a metaphase plate upon Drad21 depletion appears to 
preclude proper INCENP localization to the centromere 
and the timely transfer from centromeres to the central 
spindle (a hallmark of the "chromosomal passenger" 
proteins). Despite this, late in mitosis, INCENP was still 
able to localize to microtubules in the central region of 
the cell. 
Loss of Drad21 Function In Embryos by dsRNA 
Injection also Results in Mitotic Defects 
To begin to analyze the effects of Drad2l disruption in 
the intact organism, we injected dsRNA homologous to 
the 5' end of the Drad2l cDNA into syncytial preblasto-
derm Drosophila embryos expressing a histone H2A 
variant D-GFP fusion [29]. Chromosome condensation 
and segregation could be readily observed in live em-
bryos by confocal microscopy. 
H2AvD-GFP embryos injected with buffer only or with 
control d5RNA displayed well-distributed and equal-
sized nuclei that underwent synchronous mitoses (Fig-
ure S2). In contrast, embryos injected with Drad21 dsRNA 
showed a range of mitotic abnormalities, including de-
layed chromosome condensation, failure to segregate 
ii 
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Figure 6. Chromosomal Passe.4 	 - LN 	1siocaIized in Drad2l-Depleted Cells 
(A-D) (A and 8) Control dsRNAi and (C and D) Drad21 dsRNAi cells were grown on poly-lysine coverslips, fixed, processed for mrnunotluores-
cence by using antibodies to cyclin B (green), INCENP (red). o-tubulin (white), and counterstained with DAR (blue). INCENP is localized to 
centromeres in (A) control metaphase and transfers to the central spindle normally in (B) anaphase. (C) In Drad2l -depleted cells, INCENP 
tails to localize to centromeres when cyclin B is still present (asterisk). The arrowhead highlights s fairly normal cell in cytokinesis with 
decreased level of cyclin B degradation and highlights INCENP localization to the forming midbody. (D) In another Drad2l dsRNAi cell, INCENP 
fails to localize to the central spindle when cyclin B is degraded (asterisk). The scale bar represents 5 m. 
(E-G) To further characterize INCENP mislocaiization, Drad2l -depleted cells were harvested at 68 hr after treatment, cytospun onto poly-
lysine slides, then fixed and stained for o-tubulin (green), INCENP (red), and DNA (DAPI, blue). Three categories of mislocaiization were 
observed, and representative cells for each are shown (39 cells were analyzed). (E) A cell showing INCENP associated with chromatin. (F) 
Some INCENP has translocated to the spindle, but the majority remains associated with chromatin. (0) The majority of INCENP appears to 
be associated with the microtubule& 
chromosomes or unequal chromosome segregation, 	dividing and showed chromatin hypercondensation and 
anaphase bridging, formation of micronuclei, as well as nuclear aggregation, reminiscent of X-ray-induced DNA 
delays or failure of chromosomes to align at metaphase. 	damage and DNA damage checkpoint mutant pheno- 
In the most severely affected embryos, all nuclei ceased types [30, 31]. These phenotypes deafly indicate that 
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Drad2l Is required for correct chromosome segregation 
in early embryos. A detailed characterization of these 
defects is ongoing. 
Discussion 
We have demonstrated that Drad2l is In a cohesin com-
plex with SMC1, SMC3, and SA in Drosophila embryos. 
Strikingly, Drad2l and SA are more tightly associated 
with one another than they are with the SMCs. We have 
analyzed the consequences of depleting the two non-
SMC subunits in Drosophila cultured cells, and we have 
observed that Drad2l depletion results in SA instability; 
intriguingly, however, the converse is not true. This result 
suggests that SA must interact with Drad2l in order to 
be stable (perhaps SA is synthesized only after Drad2l 
accumulates in the cell). This may help to ensure a 1:1 
ratio between these subunits (as observed in cohesin 
complexes in S. cerevisiae [241). Upon Drad2l depletion, 
we see dramatic effects on mitotic progression; cells are 
delayed in prometaphase with prematurely separated 
sister chromatids and abnormal spindle morphology. In 
contrast, we observe no premature separation of sister 
chromatids or significant effects on the cell cycle when 
SA is depleted, suggesting that the Drad2l phenotype 
is likely specific to the interference with Drad2l only. 
Chromosome condensation in either the Drad2l - or 
the SA-depleted cells appeared normal, as judged by 
overall size and shape of chromosomes, localization of 
the Barren non-SMC condensin subunit, and the centre-
meric domain occupied by the CID centromeric protein. 
As chromosomes also exhibited normal condensation 
in Sccl -knockout DT40 cells [32], human cells express-
ing a dominant-negative N-terminal truncation of Sccl 
[33], and after immunodepletion of cohesin from Xeno-
pus egg extracts [6], it appears likely that cohesins act 
independently of condensation machinery in metazoan 
chromosome structure [6]. 
The dispersed single chromatids observed in Drad2l - 
depleted Drosophila cells were in contrast to the sepa-
rate, albeit proximal, chromatids after the knockout of 
Sccl from DT40 chicken cells [32]. Perhaps for that 
reason, INCENP appeared along chromosome arms in 
metaphase Sccl -knockout DT40 cells (INCENP distribu-
tion in later mitotic stages was not reported). On the 
other hand, in early mitotic S2 cells depleted of Drad2l, 
INCENP appeared diffusely localized, possibly because 
chromatids were no longer close to one another. Later, 
mitotic cells with aberrant INCENP localization fell into 
three groups: cells that displayed INCENP staining on 
single chromatids, cells that showed INCENP transfer-
ring onto the spindle even though chromatids had failed 
to congress to a metaphase plate, and cells in which 
INCENP associated with microtubules, but was not re-
stricted to the central spindle. Drad2l -depleted cells 
that progressed into the final mitotic stages indicated 
that INCENP could, however, still localize to the central 
region of the cell, even though chromosome segregation 
had not occurred. Our results suggest that the correct 
localization of INCENP to the centromertc domain and 
its subsequent translocatlon to the central spindle at 
the metaphase-to-anaphase transition is dependent on  
the presence of cohesion between sister centromeres. 
However, even in the absence of chromatid cohesion, 
INCENP was able to achieve microtubule localization, 
albeit in an abnormal temporal and spatial manner. 
It is unlikely that the separate chromatids we observe 
after Drad2l depletion would form bipolar spindle at-
tachments and align at a metaphase plate. The meta-
phase checkpoint should be activated, resulting in pro-
metaphase delay (we have observed that centromeres 
are positive for the BubRi metaphase checkpoint pro-
tein, data not shown). A potential role for sister chroma-
tid cohesion and kinetochore attachment in the meta-
phase checkpoint has been suggested, with the correct 
alignment of all sister kinetochores clearly required to 
establish bipolarity and loss of Mad2 metaphase check-
point signaling [34, 35]. Why cells are delayed and not 
arrested by the metaphase checkpoint may be a reflec-
tion of compromised checkpoints in Drosophila cultured 
cells (derived from embryos), as these cells are ex-
tremely difficult to synchronize in response to numerous 
cell cycle inhibitors (M.M.S.H. et al., unpublished data). 
The mitotic spindles of Drad2l -depleted cells ap-
peared abnormally narrow and lacked astral microtu-
bules. Kinetochore microtubules may be unstable in the 
absence of bipolar attachment and may give rise only 
to spindle fibers that emanate from poles. Microtubules 
ending in the cell midzone may be stabilized by compo-
nents present in the region of overlap, in preference to 
astral microtubules. A potential role for human cohesin 
in spindle aster assembly has been suggested, since 
SMC1 has been localized to the spindle poles during 
mitosis and interacts with NuMA, a spindle pole-associ-
ated protein required for mitotic spindle organization 
[36]. Recently, the kinase activity of Aurora B was shown 
to be required for kinetochore-microtubule interactions, 
and expression of a dominant-negative form resulted in 
similarly narrow spindles [37]. As Aurora B interacts with 
INCENP [38, 39], the fate of other chromosome passen-
ger proteins such as Aurora B, TD-60 [40], and survivin 
[41, 42] should be examined after cohesin interference. 
The mitotic failures observed after injection of Drad2l 
dsRNA into embryos are also consistent with premature 
loss of sister chromatid cohesion, which ultimately re-
suits in segregation defects, aneuploid nuclei, and accu-
mulation of damage to the genome. The most severe 
phenotypes we observe resemble those of grapes/chkl 
DNA-structure checkpoint mutant embryos, in which 
damaged nuclei fall into the interior of the embryo [30, 
31], and are thus reminiscent of the original DNA-struc-
ture checkpoint defects observed in S. pombe rad2l 
mutations [43]. The detailed examination of live cells 
deficient in cohesin orcondensin function will contribute 
greatly to the understanding of mechanisms employed 
by the cell to ensure genome integrity. 
Supplementary Material 
Supplementary Material including two figures that contain data from 
the RNAi of SA in S2 cells (Figure Si) and still images from movies of 
images that have been injected with dsRNA for the Drad2l gene (Figure 
S2) is available at ht/Iirnages.cellpress.corn/supmat/supmabn.htm. 
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and Disruption of Mitotic Progression 
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Supplementary Experimental Procedures 
RNA Interference on Cultured Drosophila S2 Cells 
RNAi was performed as described in [Si] and [S2] in both Drosophila 
Dme12 and S2 cells. Although similar results were obtained from 
both cell lines, only the S2 cell data are shown here. A 650-bp 
PCR fragment was generated from the Drad2l cDNA by using the 
following primers: 5'-lTAATACGACTCACTATAGGGAGAAGlTIAA 
AATGT-3 and 5-1TAATACGACTCACTATAGGGAGAAAAAAGGGC 
TGG-3, which incorporate the 17 RNA polymerase binding site. A 
control PGR product was generated from a random human intron 
sequence by using the following primers: 5-UAATACGACTCACTA 
TAGGGGGATCATCTGCMGGAGCTG-3 
r and 5-TTAATACGACTCA 
C1-ATAGGGTCACAACGACCcmGAAGTG-3'. The primers for con-
struction of the SA PCR product are 5 -UATATCGACTCACTATAGG 
GAGAATACGTATGGAT-3 and 5'-TTATATCGACTCACTATAGGQA 
GAGCACAAAATCGC-3'. All PCR products were used as template 
to synthesize dsRNA by utilizing the Megascript kit (Ambion). Dro-
sophila S2 cells were grown in Schneider's medium (Sigma) supple-
mented with 10% fetal calf serum (GIBCO). Cells were counted and 
diluted to 10/ml in Expression medium (Invitrogen) and were then 
incubated without RNA, with human intron dsRNA, or with Drad2i 
dsRNA at a concentration of 30 g/ml for 1 hr at room temperature 
(RT). Schneider's media, supplemented with FBS, was added back 
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Figure Si. Depletion of SA Results in Only Rare Mitotic Defects 
Control and SA dsRNAl cells were harvested at 24, 48, 72, 96, and 120 hr after treatment. All cells were then cytospun onto poly-lysine slides, 
fixed, and stained for histone 3 phosphorylated on Serine 10 (P -1-13, red), -tubulin (green), and DNA (DAPI. blue). 
Cells from the 72, 96. and 120 hr time points of SA dsRNAi are shown (the control cells were comparable to those shown in Figure 2 of 
the paper). At 72 hr alter treatment, 12% of the mitotic cells exhibit abnormal chromosome alignment on the mitotic spindle (total cells 
229), with a similar frequency (13.5% of 679 cells) at 96 hr after treatment. By 120 hr after treatment, this figure increased to 27% (of 535 
cells). Of those abnormal cells at 120 hr after treatment. 45.5% exhibit what appears to be premature chromatid resolution. 
A graph depicting the percentage of cells positively stained for P-1-13 at various time points. 
Percentage of cells positive for P-1-13 that exhibit abnormal mitotic morphology. No RNA is indicated by the blue bars, control RNA is 
indicated by the gray bars, and Drad21 RNA is indicated by the red bars. 




Figure S2. Time-Lapse Cootocal Fluorescence Micrographs of H2AvD-GFP-Expressing Embryos Microinjected with Drad2l dsRNA 
A series of images taken of a syncytial H2AvD-GFP-expressing embryo injected with butter only. Well-distributed and equal-sized nuclei 
are shown in interphase (0 mm), prophase (2 mm), metaphase (5 mm), anaphase (6 mm), telophase (7 mm), and mnterphase (10 mm). 
An enlarged view of a syncytial H2AvD-GFP-expressing embryo following micromnjection with Drad2l dsRNA (filmed 45 mm postinjection). 
Bibbed (horizontal arrow) and giant nuclei (vertical arrow) can be readily observed in interphase (0 mm). Prophase is elongated, as some 
nuclei experience delays in chromosome condensation and congression (5 mm). At metaphase (9 mm), some spindles clearly have an increased 
amount of chromatin, consistent with a doubled chromosome complement due to mitotic failure in a previous mitosis. In anaphase (10 mm), 
there appears to be a significant variation in the distance that the chromosomes have separated on different spindles. Telophase (12 mm) 
and mnterphase (18 mm) nuclei show a variety of DNA contents and nuclear morphologies. The scale bars represent 10 pin. The range of 
mitotic abnormalities observed was presumably dependent upon the amount of dsRNA delivered, the age of the embryo when injected, and 
the degree of depletion of the maternal Drad2l protein. In most cases, nuclei distant from the site of injection were less severely affected 
than those located immediately adjacent to the injection site. 
to the cells, which were then cultured in six-well dishes (Costar) in 
a humidified incubator at 27C. At each time point, cells were har-
vested for immunoblotting and/or immunofluorescerice. Cells destined 
for immunoblothng were counted, centrifuged at 2000 x g for 2 mm, 
and resuspended in PBS (65mM Na 2 PO,, 8.8mM KH2 PO 1  137 m 
NaCl, 27 mM KCI, pH 7.4), 3x sample butter (2% SDS. 50 mM Tris 
(pH 6.81, 10% glycerol, 0.1 % Bromci-phenol Blue, 2 mM EDTA). and 
0.1 mM DTT to a concentration of 5 x 10' cells/id. Cells were then 
sonicated for 20 a and boiled for 3 min prior to loading on 4%-i 2% 
SDS-polyacrylarnide gels (Novex). The resolved proteins were trans-
ferred to Protran nitrocellulose filter (Schleicher and Schuell) in Tow-
bin Buffer (192 mM glycine, 25 mM Tris, 20% methanol, 0.1% SDS) 
for 3 hr at 300 mA. The transferred proteins were visualized by 
staining the filter with Ponceau S (0.2% in 3% TCA). The filters were 
washed in PBS plus 0.1 % Tween-20 (PBS-Tw), blocked with 5% 
w/v dried milk powder (Safeway) in PBS-lw, washed in PBS-lw, 
and incubated with appropriate primary antibody in PBS-lw for 2 
hr at RI. The filters were then washed twice for 5 mm, once for 
15 mm, and twice for 5 min in PBS-lw, and then an appropriate 
horseradish peroxidase (HRP)-conjugated secondary antibody 
(Amersham Pharrnacia) in PBS-Tw (1:10,000) was added for 60 mm 
at RT. The filter was then washed twice for 5 mm, once for 15 mm, 
and twice for 5 min in PBS-lw. Excess wash solution was drained 
off, ECL solution (Amersham) was added for 1 mm, then the filter 
was exposed to Kodak XAR-5 film (Sigma) before developing. 
Identification of the Cohesin Complex 
Extract preparation: 0- to 5-hr Drosophila embryos were homoge-
nized in one volume of buffer A (15 mM HEPES [pH 7.9], 15 mM 
NaCl, 60 mM KCI, 2 mM EDTA, 0.34 M sucrose) and complete 
protease inhibitors (Roche) by using a loose pestle. The homogenate 
was centrifuged for 5 min at 5000 x g at 4C in a benchtop centrifuge. 
The middle layer was collected, aliquoted, and flash frozen in liquid 
nitrogen. DMP cross-linking of the antibodies was performed as 
follows: antibodies were cross-linked to protein A-sepharose by 
using Dimethyl pirnelimidate according to Harlow and Lane [S3]. 
For immunoprecipitation from crude extracts, the antibody beads 
were incubated with the extract for 1 hr at 4 C. The beads were 
washed 10 times with 20 volumes of PBS, and were then eluted 
and washed with PBS containing 250 and 500 mM NaCl. Protein 
interactions that were resistant to 500 mM NaCl were eluted with 
2% SDS in PBS. Finally, the antibody beads were boiled in SDS-
PAGE sample buffer to elute the proteins exhibiting the tightest 
interaction to Drad2l antibody cross-linked to the beads. 
Immunofluoresceoce and Cytospinning 
For immunofluorescence, cells were grown on poly-lysine-treated 
coverslips for the duration of the experiment Cells were fixed in 
4% paraformaldeyde (TAAB) in cytoskeletal buffer (137 mM NaCl, 
5 mM KCI, 1.1 mM Na 2HPO4, 0.4 mM KH 2PO 4, 2 mM MgCI 5 2 mM 
EGTA, 5 mM PIPES, 5.5mM glucose) plus 0.5% Triton X-1 00 for 10 
S3 
min at room temperature, then rinsed in PBS plus 0.05% Tween-20 
(PBS-lw). Cells were then blocked in 10% BSA PBS-Tw for 1 hr at 
room temperature. Primary and secondary antibody incubation was 
carried out in 0.1% BSA plus PBS-lw for 90 min at room tempera-
ture, followed by five 3-min washes in PBS-Tw. The DNA was coun-
terstained with DAPI, which was added at 0.1 g/ml to the final 
antibody incubation. The coverslips were mounted onto slides with 
Mowiol (Calbiochem). Slides were viewed on an Olympus Provis 
microscope, equipped with epifluorescence optics. Images were 
captured with an Orca It CCD camera (Hamamatsu) and SmartCap-
ture 2 software (Digital Scientific). The resulting TIFF files were pro-
cessed with Adobe Photoshop. Cells destined for cytospinning were 
grown in six-well plates, counted, centrifuged as before, and resus-
pended at 1W/ml in either 1 x Ephrussi.Beadle Ringers solution 
(EBR, 129 mM NaCl, 4.7mM KCI, 1.9 mM CaCl2, 10 mM HEPES, 
[pH 6.9]) for nonhypotonic treatment, or 0.25x EBR for hypotonic 
treatment. A total of 500 d cells were then spun onto poly-lysine-
treated slides at 2 K for 2 min in a Cytospin 3 (Shandon), then 
immediately fixed and processed as above. 
Antibodies 
In this study, the rabbit Drad21 antibody [S4) was diluted at 1:500 
for both IMF and irnrnunoblotting. Other primary antibodies used 
were: anti-phosphorylated histone H3 (rabbit, used at 1:500; Upstate 
Biotechnology), anti-u-tubulin (mouse monoclonal, used at 1:2000; 
Sigma), anti-actin (rabbit, used at 1:500; Sigma). anti-INCENP (rabbit 
polyctonal, used at 1:500, 1S51), anti-Cid (chicken polyclonal, used 
at 1:200, [S61), anti-Cyclin B (sheep polyclonal, used at 1:500, [S71), 
and anti-Barren (Ri 253, rabbit polyclonal, used at 1:500, [S81). Sec-
ondary antibodies used included: Alexa 488 & 594 goat anti-mouse, 
Alexa 488 donkey anti-sheep, and Alexa 488 & 594 goat anti-rabbit 
(all used at 1:500; Cambridge Bioscience [Molecular Probes]), Texas 
red donkey anti-chicken (1:500; Stratatech [Jacksonil, Cy5 donkey 
anti-mouse lgG (1:500; Stratatech), and mouse anti-chicken IgY 
(1:200; Oxford Biotechnology). All fluorescence-conjugated second-
ary antibodies were preabsorbed overnight at 4'C against Drosoph-
ila embryos to minimize background. 
Microinjection of Embryos 
Double-stranded Drad2l RNA was generated from linearized 
pBluescnpt plasmid containing a 1.2-kb EcoRl-Xhol fragment of 
cDNA clone pLD02527 (5 end of the Drad21 cDNA) with either 13 
or 17 RNA polymerase (Promega) in accordance with the suppliers' 
instructions. Equal amounts of sense and antisense RNAs were 
annealed to create a 1.2-kb dsRNA by incubation at 95 C, followed 
by cooling at 1"C/min for 60 mm, and were phenol extracted, ethanol 
precipitated, and resuspended to 5 i.LM in injection buffer (0.1 mM 
NaPO. [pH 7.81,  5 mM KCI). Control dsRNA corresponded to a por-
tion of the bacterial LacZ gene. Embryos (0- to 30-mm) were dechori-
onated manually, mounted on type 415 double-sided tape (3M), 
covered in halocarbon oil 700 (Sigma), and micromnjected by using 
standard methods. Microinjected H2AvD-GFP embryos were al-
lowed to recover for 30-60 min in a humid, Orenriched chamber 
before being placed under a coverslip and imaged on a Bio-Rad 
MRC 1000-equipped Leica DMRBE confocal microscope. Time-
lapse images were captured with COMOS imaging software with 
2% or 10% laser power, and additional image processing was per-
formed with the aid of NIH Image 1.2. 
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Metaphase Chromosome 
Sharron Vass and Margarete Al. S. Heck 
e 	LSuz/'iuqh, UK  
The metaphase chromosome is a transient entity—one that 
reflects the moment in mitosis when the DNA in each chromo-
some is maximally condensed. In higher eukaryotes, the length 
of DNA may be compacted up to 10 000-fold to ensure that the 
sister chromatids can be separated far enough from one another 
to avoid entrapment by the ingressing cleavage furrow late in 
mitosis. This metaphase chromosome has formed only after 
essential checkpoints early in the cell cycle have been properly 
navigated, so that the genome is replicated completely and at 
the right time and any damage fully and accurately repaired. 
In addition, the metaphase chromosome contains elaborate 
kinetochore structures, which can "read" whether each centro-
mere of a sister chromatid pair is attached via microtubules to 
opposing spindle poles. Finally, the chromosome serves a crucial 
function in regulating precisely where the cleavage furrow will 
form during cytokinesis. Such strict control over genome 
packaging and partitioning is clearly essential for the mainten-
ance of a normal diploid state, and the avoidance of aneuploidy 
through chromosome gain, loss, or fragmentation. 
Background 
The majority of cells within an organism will ultimately 
face one of three potential fates: to divide, to differen-
tiate, or to die. In order to divide successfully, the cell 
must possess the ability first to replicate, then to 
package, and finally to partition its entire genome to 
two new daughter cells. The genomic DNA must be 
accurately replicated in S phase to form an exact copy of 
itself, thus resulting in two identical single chromatids, 
both of which must be held in close proximity to one 
another to permit DNA repair. The process of cell 
division requires the DNA to he condensed into ordered, 
yet highly dynamic structures. This appears to happen as 
a two-stage process, with most condensation resulting in 
distinct chromosomes occurring even before nuclear 
envelope breakdown. The condensed chromosomes are 
only resolved into two discernible chromatids late in 
prophase. Following bipolar attachment to the mitotic 
spindle in metaphase, sister chromatids are separated 
from each other and actively moved to the two spindle 
poles in anaphase. It is absolutely critical that chromo-
somes are accurately condensed and resolved prior to the 
metaphase to anaphase transition. Inadequate resolution 
could result in chromatid bridging in anaphase. If 
chromosomes are not condensed enough, they may he 
caught and cleaved by the ingressing cleavage furrow. 
Likewise, it is essential that chromatid separation occurs 
at the right time, otherwise aneuploidy could result 
from the unequal partitioning of chromatids to the two 
daughter cells. Finally, the chromosomes must be 
decondensed to the right degree to facilitate transcrip-
tion and replication in a subsequent cell cycle. The 
consequences of failures in any of these processes would 
indeed be dire for the life of cells. 
Brief Historical Perspective 
The choreography of mitosis is without question 
esthetic, and has captivated the attention of cell 
biologists for over a century. Flemming originally 
described cell division in his book of 1882, coining the 
word "mitosis" (from Greek for thread) to emphasize 
the central role played by the thread-like chromosomes 
in the process. In his drawings of dividing salamander 
cells, he even diagrammed the longitudinal splitting of 
chromosomes into separate chromatids, thus taking the 
nuclear events of mitosis to a level higher than mere 
pinching in half. The affinity of nucleohistone for 
assorted bright-field stains ensured that mitosis was 
accessible to analysis, in a range of organisms, even in 
the absence of sophisticated microscopy, biochemistry, 
or molecular biology. What has become apparent with 
the current level of scrutiny possible is the extensive 
degree to which the molecular players are conserved. 
Thus, our understanding of chromosome structure has 
advanced through the use of diverse experimental 
approaches that may each enjoy distinct cytological, 
biochemical, or genetic advantages. 
The Physical Chromosome 
All organisms, prokaryotic or eukaryotic, single-celled or 
metazoan, must compact their genomes. There is simply 
too much DNA, and it has too high a negative charge to 
be squeezed into any sort of compartment without the aid 
of particular proteins. Even bacterial genomic DNA will 
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be on the order of 150 p.ni in length — while the cell itself 
may be less than I ini in size! It is exciting, and 
particularly humbling, that even in an age when newly 
completed genome sequences appear at an astounding 
pace, we do not understand all there is to know about 
making that DNA sequence work to produce anything 
from a simple bacterium to a thinking, feeling human 
being. Exactly how the cell manages to organize its 
genetic material has been the focus of much research and 
remains curiously enigmatic. 
INTERPI-IASE 
The degree of structural engineering required to 
accomplish the packaging of the genome is quite 
staggering when one considers that the naked DNA of 
a typical diploid human cell, if stretched end-to-end, 
would measure —2 ni in length. This length of DNA 
2 tim in diameter is packaged into a cell's nucleus 
typically measuring only 5-10 p.m in diameter. What 
has so far been clearly demonstrated is that the naked 
DNA molecule wraps twice around a core octamer of 
positively charged histone subunits (two proteins each of 
1-12A, 11211, H3, and 1-14) to form a disk-shaped structure 
called the nucleosome. Under nonphysiological low salt 
conditions, the nucleosonial fiber takes on a "beads-on-
string" appearance when viewed by electron microscopy. 
This initial level of organization gives rise to a sixfold 
compacted DNA strand - 10 nm thick. The linker 
histone protein (Hi, or variants) facilitates organization 
of the fiber into a shorter, thicker fiber of 30 nm—a 
40-fold level of DNA compaction. One of the most 
debated issues relates to the path of the 10 rim 
riucleosomal fiber in the 30 nni fiber: is it a relatively 
ordered helical solenoid, a twisted helical ribbon, or 
even a random zig-zag aggregation of riucleosonies? The 
fragility of the chromatin fiber upon isolation from cells 
has so far precluded detailed resolution of its structure. 
The 30 rim fibers are organized into large (10-
100 kb) loops by intermittent anchoring, at spots that 
may or may not he determined by DNA sequence. This 
basic level of compaction appears to he similar in both 
interphase and mitotic chromatin. It is also fairly well 
accepted that chromosomes occupy distinct domains or 
territories within interphase nuclei, in contrast to a bowl 
of intertwined spaghetti strands! These domains reflect 
gene density, transcriptional activity, and/or replication 
timing. In general, the more transcriptionally silent 
chromosomes are later replicating and localized closer to 
the nuclear envelope. 
MITOSIS 
The compaction of DNA described above cannot 
account for the final condensation observed in 
metaphase chromosomes of eukaryotic cells. The level 
of packaging required to produce a metaphase 
chromosome is nearly 10 000-fold (-- 250 times greater 
than in interphase)! Why should such an extreme level of 
compaction be required? As a generic human cell may be 
only 20-30 p.ni in diameter, a chromosome clearly has 
to be less than half that size in order to have cleared the 
midzone of the cell before the cleavage furrow ingresses 
during cytoki nesis. Indeed, human metaphase chromo-
somes range in size from 2 to 10 p.m. Any less 
compaction could result in chromosome cleavage and 
likely death. Strikingly, if cells are arrested in mitosis, 
chromosomes continue to condense even further—
demonstrating that the genome is not usually condensed 
as much as it could he. 
It is by no means completely accepted how the 30 tim 
fiber is organized in the metaphase chromosome. While 
it has also been demonstrated that histones HI and 113 
become hyperphosphorylated during mitosis, a causal 
role for this in chromosome condensation remains 
unestablished. Therefore, although numerous factors 
and processes contributing to the formation of mitotic 
chromosomes have been identified, many intriguing and 
unanswered questions remain. 




The purpose of mitotic chromosome condensation is 
clearly to create a robust package that can survive the 
rigorous forces of mitosis to maintain the genornic DNA 
in an intact state. This extensive compaction is precisely 
what has hindered the elucidation of mechanisms or 
components essential for generating condensed chromo-
somes. Electron microscopy, while invaluable for the 
study of subcellular architecture, allowed disap-
pointingly little insight into the architecture of intact 
mitotic chromosomes. Early micrographs by DuPraw in 
the 1960s showed extremely dense structures, from which 
one could occasionally glimpse loops of chromatin at the 
periphery—but no information about underlying 
organization. 
Just as the folding of the 10 nm fiber within the 30 nm 
fiber has been controversial, so has the precise organi-
zation of the 30 urn fiber within the metaphase chromo-
some. Clearly, more extreme approaches were needed, as 
intact, unperturbed chromosomes were unlikely to give 
up their secrets. Models for the organization of chroma-
tin in metaphase ranged from random folding of the 
30 nm fiber to successive hierarchies of helical coiling, to 
a model whereby specific nonhistone proteins tethered 
particular DNA sequences to form chromatin loops. 
A radical, though incredibly insightful, approach 
pioneered by Laemmli and colleagues depended on 
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techniques they developed in the 1970s for the isolation 
of highly purified mitotic chromosomes from synchro-
nized mitotic cells. As histories comprise a third of the 
metaphase chromosome by mass (as does the DNA), 
removal of these proteins should provide a significant 
enrichment for the nonhistone proteins that comprise 
the final third of the chromosome. When Laemmli and 
co-workers extracted histories (and the majority of non-
histone proteins) from metaphase chromosomes by high 
salt or negatively charged polyanions, they observed 
something truly remarkable. Electron micrographs of 
the residual structures clearly showed clouds of naked 
DNA looping out from a proteinaceous "scaffold"-like 
structure that resembled the size and shape of the native 
chromosome. When examined more closely, there 
appeared to be very few loose DNA ends, instead these 
large loops of DNA appeared to emanate from and 
return to the same region of the "scaffold." 
These stunning images led to the "radial loop model," 
or "scaffold hypothesis," to explain mitotic chromosome 
architecture. Large loops of chromatin were proposed to 
attach to a nonhistone proteinaceous scaffold, thus 
providing a framework for the final levels of chromosome 
condensation. Further evidence to support this hypoth-
esis resulted from the discovery of scaffold attachment 
regions (SARs) or matrix attachment regions (MARs) 
that contain specific DNA sequences displaying a high 
affinity for the scaffold and thereby thought to facilitate 
the tethering of chromatin loops. Perhaps even more 
striking was the discovery that the composition of the 
residual "scaffold" fraction was not only surprisingly 
simple, but also remarkably reproducible independent of 
the protocol used to obtain it. Nevertheless, this model 
for chromosome architecture was controversial, with 
skeptics distrustful of the harsh biochemical procedures 
utilized to obtain "scaffolds." 
DNA TOPOISOMERASE II IN 
CHROMOSOME ARCHITECTURE 
SDS-PAGE analysis revealed that purified scaffolds were 
composed of two prominent bands at 170 and 135 kDa 
(named Scl and Sc2, respectively) and a number of 
minor proteins. Through immunocytochemical 
approaches, Scl was identified in the 1980s as DNA 
topoisomerase II, a homodimeric enzyme capable of 
making a double-stranded break in the DNA, and 
passing a strand through this break before religating 
the cleaved strand of DNA. Such an enzyme would 
clearly be necessary to decatenate duplicated and 
entwined DNA strands, such as would arise following 
replication of genomic DNA loops. A logical place to 
position a protein capable of decatenation would he 
at the base of chromatin loops, precisely where it 
appeared to be found in both chicken and human cells. 
Gratifyingly, at a similar time, genetic analyses of yeast 
ropoisomerase II mutations showed that cells died in the 
absence of this protein, specifically during mitosis as 
cells tried unsuccessfully to segregate their entangled 
chromosomes. Immunocytochemical and generic ave-
nues had converged to reach the same critical conclusion 
about this crucial enzyme. 
DNA topoisomerase 11 has long been a chemo-
therapeutic target in the fight against cancer. Under-
standing its role in chromosome architecture in dividing 
cells helps to make sense as to why it may be an effective 
target, and furthermore, suggests that other proteins with 
similar critical roles in chromosome structure and 
behavior may also he possible chemotherapeutic targets 
in the future. 
IDENTIFICATION OF OTHER 
PROTEINS PLAYING ROLES 
IN CHROMOSOME DYNAMICS 
Another powerful system that began to be exploited in 
the 1980s was the use of concentrated cytosolic extracts 
prepared from Xenopus laevis eggs. Depending on the 
manipulation of the collected eggs, "interphasic" or 
"mitotic" extracts could be generated and then utilized 
to study DNA replication, cell cycle enzymatic machi-
nery, spindle assembly, and also, chromosome conden-
sation. The incredible stockpiling of components 
essential for the first rapid cleavage divisions of 
embryogenesis meant that CXOCI1OUS DNA (e.g., plas-
mid, phage, demernhranated Xenopus sperm, or human 
nuclei) added to such extracts could he remodeled into 
mitotic chromosome-like structures—with the sub-
sequent identification of newly associated proteins. 
Using this approach, a "condensin" complex was 
identified by Hirano and colleagues. This was a complex 
of five proteins: a heterodinier of large 115-165 kDa 
proteins associated with three additional, putative 
regulatory subunits. The heterodimeric proteins 
appeared to each contain five structural domains: an 
N-terminal globular domain with a Walker-A (NTP 
binding) motif, a C-terminal globular domain with a 
Walker-B (NTP-hydrolysis) motif, and two long (200-
450 amino acids) internal coiled coils separated by a 
globular "hinge" region. This complex was associated 
with assembled chromosomes and was also shown to he 
essential for chromosome condensation in vitro. Similar 
complexes have since been identified biochemically in 
human and Drosophila cells. 
A second serendipitous convergence of results 
arose from the comparison of the genes for the 
lieterodirneric proteins in Xenopus condensin with 
genes identified from screens in yeast for proteins 
essential for the stability of mini chromosomes by 
Koshland and colleagues. The yeast SMCJ gene bore a 
striking resemblance in organization to the heterodimeric 
proteins mentioned above. Based on this, SMC was 
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redefined as "structural maintenance of chromosomes." 
It is now apparent that all eukaryotes, from micro-
sporidia to man, contained such genes that could he 
phylogenetically grouped into six subfamilies. Bio-
chemically, these subfamilies of SMC proteins comprise 
at least three different heterodimeric complexes 
(along with non-SMC subunits), involved in sister 
chromatid cohesion (SMCs 1/3), chromosome conden-
sation (SMCs2/4), dosage compensation, and DNA 
repair (SMCs5/6). It should come as no surprise that 
the vertebrate Sc2 protein was identified as none other 
than SMC2 of the condensin complex. 
While biochemical analysis using Xeno pus extracts 
demonstrated that the condensin complex was required 
for chromosome condensation in vitro, paradoxically, 
the same did not appear to be true in vivo. Genetic 
mutation or dsRNA-mediated depletion in Drosophila 
cultured cells of SMC and non-SMC condensin subunits 
showed that chromosomes could indeed condense—hut 
exhibited extreme difficulties in chromosome segre-
gation in anaphase, apparently because resolution into 
individual chromatids was impaired. A similar defect 
was observed when the Sc2/SMC2 protein was lost from 
cultured chicken cells. Informatively, in this case, the 
clearly condensed mitotic chromosomes were missing a 
large number of additional "scaffold" components, 
implicating condensin in the proper assembly and 
structural integrity of mitotic chromosomes. These 
results clearly emphasized the need to examine and 
compare many different experimental systems with their 
own strengths and weaknesses. 
Future prospects in this field are extremely exciting, 
as there now appear to be two distinct condensin 
complexes (I and 11)—sharing SMCs2/4, but possessing 
different sets of non-SMC subunits. It has long been 
known that embryonic chromosomes are often longer 
and more flexible than those found in later somatic cells. 
Varying the ratio of condensin I to condensin II at 
different times of development may be one way to alter 
higher-order chromosome architecture. 
How Is the Metaphase 
Chromosome Held Together? 
Clearly the replicated sister chromatids must he held 
together until the metaphase to anaphase transition when 
they can he segregated to the two spindle poles. Close 
apposition is essential to allow for repair of any DNA 
damage using a sister chromatid as template, and to ensure 
that each new daughter cell gets a full diploid complement 
of the chromosomes. Cohesion between sister chromatids 
is established coincident with replication to facilitate 
appropriate alignment, and this is maintained until sisters 
are separated. One factor involved is the cohesin complex 
containing SMCsI/3 and non-SMC subunits. 
Intriguing mechanistic differences between lower and 
higher eukaryotes have been observed. Proteolytic 
cleavage of a non-SMC cohesin subunit is responsible 
for the lengthwise separation of sister chromatids in 
yeast, but the process is more complicated in higher 
eukaryotes. Enzymatic phosphorylation of the cohesin 
complex is required to remove the hulk of these proteins 
from the length of the chromatid arms during conden-
sation—perhaps facilitating resolution of sister chroma-
tids, but the final separation of sisters at the centroniere 
occurs as it does in yeast—with the cleavage of a non-
SMC subunit. Clearly, the activity of cohesin and 
condensin, along with topoisomerase II, must be coordi-
nated in some way as cells enter mitosis. A variant of 
cohesin is found in meiosis, presumably reflecting the 
requirement for sister chromatids to stay together 
through meiosis I, with only homologues separating 
from one another. 
How to Control Chromosome 
Dynamics During the Cell 
Cycle: Checkpoints 
The appropriate cohesion and condensation of chromo-
somes is of no use if it does not happen at the right time. 
The coordination of the chromosomal events of mitosis 
with the rearrangement of the cytoskeleton is critical if 
chromosomes are to he partitioned accurately. In order 
for a cell to achieve this, "checkpoints" must be 
navigated ensuring that a previous event, upon which 
a subsequent process is dependent, has occurred with 
high fidelity. The checkpoints that a cell must pass 
through include: 
ensuring that DNA has been fully replicated once 
and only once in the cell cycle, 
ensuring that any damage to the DNA has fully 
and accurately repaired, and 
ensuring that the two kinetochores of each 
chromosome are not only attached to microtuhule 
fibers, but that they are connected to opposing poles. 
Only when each checkpoint has been satisfied can 
the cell proceed to the next stage, culminating finally in 
the precise distribution of genetic material to two new 
daughter cells. How the structural elements discussed in 
this article interface with checkpoint machinery is still to 
be understood. 
Reversing the Process: 
Postsegregation Decondensation 
After chromosome segregation and nuclear envelope 
reformation, the extreme condensation reached during 
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rnctaphase must be reversed to facilitate transcription 
and DNA replication in actively cycling cells. As a 
corollary, terminally differentiated cells that are not 
transcriptionally active or cycling (e.g., erythrocytes in 
certain species) have highly condensed nuclei. How the 
chromatin is decondensed, and how active this PrOCeSS 
is, remains unclear. DNA topoisomerase 11 is proteoly-
tically degraded at the end of mitosis, and the mitosis-
specific phosphorylation of histone H3 is removed. 
Indeed, certain proteins essential for DNA replication, 
though dispersed during metaphase, are assembled back 
onto chromosomes during anaphase. While correlated, 
these events are not necessarily causal to the process of 
chromosome decondensation. Probably other structural 
proteins (e.g., subunits of the condensin complex) are 
also degraded or regulated through differential 
localization or post-translational modification. 
Listening to the 
Metaphase Chromosome 
HITCHING A RIDE: THE 
CI-IkoMosoME PASSENGERS 
Naïvely, it is easy to think of the metaphase chromosome 
as an isolated, almost inert entity—likened by Mazia in 
1961 to the corpse at a funeral: the reason for the 
proceedings, but hardly taking an active part in them! 
We know that there is very little, if any, transcription 
during mitosis—so in terms of gene expression, the 
mitotic chromosome is mute. However, with regard to 
the dynamic structural events occurring during mitosis, 
the chromosome has a lot to say. 
In the 1980s, Earnshaw and colleagues discovered a 
very interesting class of proteins among polypeptides 
fractionating with the insoluble chromosome scaffold. 
The founding member of this class of "chromosome 
passengers" (INCENP—for inner centromere protein) 
exhibited a localization all along chromosome arms 
early during chromosome condensation, and then 
became restricted to the region between centromeres 
prior to the separation of sister chromatids. Dramati-
cally the chromosome passengers then transfer to the 
spindle rnidzone during anaphase, before finally being 
discarded in the mitotic trashcan (the midhody) at the 
end of cell division. There are now at least three other 
proteins exhibiting this striking localization, two of 
them (survivin and aurora B kinase) residing in a 
complex with INCENP. Why should this complex track 
along chromosome arms to the inner centromere, only 
to then transfer to the microtubules? The localization 
presumably reflects the assorted substrates that must he 
phosphorylated at different times of mitosis (e.g., 
early—histone 1-13, late—regulatory light chain of 
myosin). In addition, localization of the chromosome  
passengers reflects a demonstrated role in orchestrating 
cytokinesis. One of the surest ways to place these 
proteins at the point of the future cleavage furrow is to 
have them mark the precise site of chromosome 
segregation—exactly where the cleavage furrow 
should ingress without entrapping chromosomes 
during cytokinesis. 
MITOTIC CHROMOSOME ARCHITECTURE 
Is COORDINATED WITH DNA 
REPLICATION AND REPAIR 
The ability to perform a cytological analysis in an 
organism amenable to genetic analysis allows the 
examination of mutations that visibly affect the process 
of chromosome condensation and segregation. Such an 
analysis is possible in Drosophila as the chromosomes 
are big enough to observe easily by light microscopy in 
diploid, mitotically active cells at different times of 
development. While genetic analysis in yeast is highly 
sophisticated, the cells themselves are extremely small 
and it is difficult to visualize native chromosome 
structure. Therefore, work in Drosophila has comple-
mented biochemical approaches in Xenopus, genetic 
analyses in yeast, and cytological analysis in higher 
eukaryotic cultured cells. 
Specifically, the identification of Drosophila 
mutations disrupting mitotic chromosome structure 
has significantly highlighted a cell's need to coordinate 
the accurate duplication and repair of chromosomes 
with subsequent mitotic condensation. A priori, one 
might expect that mutations in replication proteins 
might result solely in an S phase arrest. However, 
mutations of three subunits of the origin recognition 
complex result not only in replication defects as 
expected, but also in unexpectedly irregularly con-
densed chromosomes during metaphase. The regions 
that are inadequately condensed have replicated abnor-
mally late, suggesting that the factors or machinery 
required for condensation may somehow he "tern-
plated" during S phase. ORG may act as a landing pad 
for factors other than those essential for DNA 
replication. In addition, mutations in RFC4 (replication 
factor C, subunit 4) result in pulverized or prematurely 
separated (albeit properly condensed) chromosomes, in 
addition to anticipated replication defects. These 
observations make sense when one takes into account 
that there are at least three different "RFC" complexes. 
While sharing a core of four small subunits, the large 
subunit can he exchanged thereby resulting in 
different complexes essential for DNA replication, 
DNA repair, and cohesion between sister chromatids. 
Thus, novel roles have been elucidated for proteins 
identified initially for their functions in DNA 
replication and repair. 
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Concluding Comments 
and Future Prospects 
This article has highlighted the importance of diverse 
experimental approaches to the identification of proteins 
and analysis of mitotic chromosome dynamics and 
behavior. State-of-the-art genomics and proteomics aye-
flues are currently supplementing genetic, cell biological, 
and biochemical approaches to expand the identification 
of components essential for the formation and function of 
the metaphase chromosome. How these proteins may he 
regulated during the normal development of an organism 
or during the progression of disease states are provocative 
questions to be addressed in the next decades. 
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GLOSSARY 
chromatid Once a chromosome has replicated, it is composed of two 
identical sister chromatids, which are held together until the 
metaphase to anaphase transition when each chromatid of a pair is 
pulled via microtubuics to opposing spindle poles. 
chromosome A linear, stable fragment of the genome with one 
centrornere and telomeres at each end. The genotnic DNA of a 
eukaryotic organism is divided into a number of individual 
chromosomes (from one in the jumper ant Myrinecia pilosula to 
more than 600 in the fern Ophioglossum reticulatum). In contrast, 
prokaryotic genomes generally are found in a single piece of DNA. 
chromosome passenger Term for the extremely dynamic localization 
during mitosis of a number of proteins (many of which are found in a 
common complex). While these proteins localize to chromosome 
arms early in mitosis, they are then restricted to the region between 
the centromeres of sister chromatids. At the metaphase to anaphase 
transition, they leave the chromosome only to associate with the 
microtubuics, presaging formation of the cleavage furrow. 
cohcsin A complex of two different SMC proteins (of the SMCI and 
SMC3 subfamilies) along with non-SMC subunits that appear to 
have regulatory roles. The function of the complex in chromatid 
cohesion is differentially regulated in lower (proteolytic cleavage of 
one non-SMC subunit) and higher eukaryotes (regulation by 
phosphorylation in addition to cleavage). 
condensin A complex of two different SMC proteins (of the SMC2 
and SMC4 subfamilies) along with non-SMC subunits that appear 
to have regulatory roles. The complex has been implicated in 
chromosome condensation in vitro, and in chromosome resolution 
and structural integrity in vivo. 
DNA topoisomerase II An ATP-dependent homodimeric enzyme 
capable of making a double-stranded break in the DNA, and 
passing a strand through this break before religating the 
cleaved strand of DNA Such activity is required for the 
decatenation or separation of replicated and entwined sister 
chromatids. 
SMC Abbreviation for "structural maintenance of chromosomes." 
While prokaryotes have a single SMC gene responsible for forming 
a homodimer, eukaryotes have six subfamilies of these genes. 
Different combinations of heterodimers are important for sister 
chromatid cohesion (SMCsI/3), chromosome condensation 
(SMCs2/4), dosage compensation, and DNA repair (SMCs5/6). 
These proteins, when dimerized, have ATPase activity by virtue of 
bringing together N (NTP binding) and C termini (NTI' hydroly-
sis). The intervening part of the molecule contains two extended 
coiled-coils separated by a globular hinge. 
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